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ABSTRACT 
Glyphosate-based herbicides are widely used in the environment, in which 
Roundup® is the most popular formulation. However, their aquatic toxicity data are 
relatively scarce and incomplete. The present study aimed to provide additional 
toxicity data of the herbicides and environmental data regarding its use in a local 
wetland. The study is divided into four major parts. 
In the first part, the sensitivities of different organisms to Roundup® were 
compared and the effects of environmental factors on Roundup® toxicity were 
examined. Results indicated that the contribution of surfactant to the toxicity of 
Roundup® could be explained by more than 46% to the organisms tested. Algae 
such as Skeletonema costatum were very sensitive to the inhibitory effect of 
glyphosate, but bacteria, protozoa and invertebrates were not. In addition, Roundup® 
toxicity could be enhanced by increase of pH and clay concentration of solution to 
Ceriodaphnia dubia, but these effects did not occur for change of temperature and 
addition of algal food. 
In the second part, the sensitivities of Hyalella azteca and C. dubia to Rodeo®, 
Roundup® Biactive and Roundup® were compared. Results showed that the former 
was significantly more susceptible to the toxicities of Rodeo® and Roundup®, but 
both species were equally sensitive to Roundup® Biactive toxicity. Moreover, 
sediment toxicity tests were conducted by spiking Roundup® Biactive and Roundup® 
onto clean soil amended with peat moss for the effect of organic carbon on their 
toxicity. The results indicated that Roundup® (not Roundup® Biactive) became less 
toxic with increasing of organic carbon, which may be due to the increase of sorption 
III 
of the surfactant onto sediment. Also, partitioning of glyphosate between porewater 
and sediment was shown to be affected by sediment organic carbon. 
The third part studied the joint toxicity of Roundup® and several 
� 
environmental toxicants. The toxicity of all the mixtures with Roundup were 
shown to be less than additive than expected, except with boron. Such antagonism 
was the result of chelation of cations by glyphosate in the water. Glyphosate was 
effective in reducing the acute toxicities of several toxic metals (e.g. Ag+ and Cu^^), 
but not on Hg2+ and Se (VI). Nevertheless, the toxicity reduction of heavy metals 
(e.g. Ni2+) could be modified by adjusting the glyphosate concentration. 
The fourth part was a field experiment in the Mai Po Marshes Nature Reserve, 
Hong Kong. The impact of Roundup® on nontarget organisms such as fish and the 
environmental fate of glyphosate in water and sediment were investigated. It was 
found that glyphosate dissipated quickly from the point of spray in the ponds but the 
transport of residues seemed to be influenced by wind-driven water current. 
However, the environmental concentrations in water and sediment were generally 
below the known lethal concentrations. Also, in-situ bioassays indicated that 
Roundup® should not pose great hazard to aquatic organisms like fishes. 
Overall, the present study provided new information on water and sediment 
toxicity of glyphosate-based herbicides, new insight on the role of glyphosate in 
affecting the bioavailability and toxicity of trace metals in the water, and the 
environmental data of the fate of glyphosate following application in an 








響。結果顯示Roundup®的毒性超過4 6 %是由Roundup®裡面的表面活性劑 
弓丨起的。藻類如!Skeletonema costatum對glyphosate十分敏感，但是細菌、原 
生物和無脊椎動物對glyphosate並不十分敏感。此外，水中酸鹼値和懸浮顆粒 
物 的 增 加 可 導 致 R o u n d u p ® 的 毒 性 上 升 ， 但 水 溫 的 改 
變和食物的增加並不弓丨起上述效應。 
第二部份比較了底棲Hyalella azteca和水中動物C. dubia對於Rodeo®, 
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CHAPTER 1 General Introduction 
1.1 RESEARCH BACKGROUND 
1.1.1 General description of glyphosate 
Glyphosate [or N-(phosphonomethyl)glycine] was created by a Swiss chemist, 
Dr. Henri Martin, as a potential complexing agent in 1950. Until 1971, the 
herbicidal activity of glyphosate was discovered by Dr. John Franz of Monsanto 
Company, USA. Glyphosate was registered in the USA and introduced into the 
commercial market as a herbicide (tradename: Roundup®) by Monsanto Co. in 1974. 
Glyphosate is a postemergent, systemic and nonselective herbicide. Glyphosate is 
sprayed directly on the foliage and translocated via phloem to the whole body of the 
plant. The mode of action is the inhibition of 5-enolpyruvylshikimate 3-phosphate 
(EPSP) synthase, which leads to the accumulation of shikimate-3-phosphate and 
eventually blocks the synthesis of phenylalanine, tyrosine and tryptophan in the plant 
system, because chorismate which is a precursor of these three amino acids is 
produced by EPSP synthase (Franz et al., 1997) (Fig. 1.1). 
Apart from the inhibition of enzymatic activities, glyphosate was reported to 
2. j 
retard the plant growth by decreasing the availability of polyvalent cations (e.g. Mg 
in chorophyll) through metal chelation (Cole, 1985), which is also one of the unique 
properties of glyphosate. Unlike most other herbicides, chemicals which are 
structurally similar to glyphosate are not effective herbicides. 
Glyphosate can control annual and perennial grasses as well as broadleaf weeds. 
Notably, it can effectively control nearly 76 of the world's 78 worst weeds (Franz, 
1985). More recently, glyphosate has started to control herbicide-tolerant transgenic 
crops, especially soybeans and cotton. The last patent held by Monsanto Co. (USA) 
1 
covering glyphosate as a novel compound expired in September 2000. This has 
attracted many agrochemical companies and it is expected that larger quantities of 
glyphosate-based herbicides will be produced. Eventually, their use in the world will 
increase substantially. 
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Fig. 1.1 Mechanisms of glyphosate action in plants (adapted from Franz et al., 1997 
and Giesy et al., 2000). 
1.1.2 Physical and chemical properties of glyphosate 
Glyphosate is a weak organic acid that consists of a glycine and a 
phosphonomethyl moiety (Fig 1.2). The physical and chemical properties of 
glyphosate are summarized in Table 1.1. Glyphosate is sparingly soluble in water 
but insoluble in organic solvents such as ethanol, acetone and benzene. Glyphosate 
exists as a zwitterion in water and has several pKa values as given by Motekaitis and 
Martell (1985) (Fig. 1.3). The low water solubility of glyphosate is attributed to 
strong intermolecular hydrogen bonding in a crystalline form. 
2 
o o 
HO—C — CH2—N—CH2—P—OH 
O OH 
Fig. 1.2 Structure of glyphosate acid. 
Table 1.1 Physical and chemical properties of glyphosate. 
Common name Glyphosate 
Synonyms N-(Phosphonomethyl)glycine 
Chemical formula CsHgNOsP 
CAS No. 1071-83-6 
Molecular weight 169.09 
Physical state and color White crystalline powder 
(odorless) 
Melting poinf 200-203°C 
Boiling poinf Not available 
Water solubility" 10.0-15.7 g/L at 25°C 
Octanol/water partition coefficient -4.59 to -1.70 
(Log Kow)a 
Vapor pressure' 2.59 x Pa at 25°C 
Henry's law constanf 1.41 x 10"^  Pa mVmol 
Partition coefficient (K^f 3-1,188; geometric mean = 64 
Partition coefficient normalized to 9-60,000; geometric mean = 2,072 
organic carbon (Koc)^  
"Mackaye^ al, 1997. — 
b Range for agricultural and forest soils: Gerritse et al., 1996; Glass, 1987; Cheah et 
al, 1996; Nomura and Hilton, 1977; Hance, 1976; Brightwell and Malik, 1978; 
Livingston et al., 1986; Piccolo et al., 1994. 
Because glyphosate is a relatively strong acid, it is readily converted to any salt 
by reacting with appropriate base. Salts of several metals have been reported with 
glyphosate, e.g. Cu^ "^ , Zn^ "", Ca^ "" and Mg2+ (Lundager Madsen et al, 1978). 
3 
0 0 II + I 
HO—C — O. GH3 
• OH i 
ph-2.23 
O O 
II ^ II -o—C — CH2—NH2—CH2—p —CT CHf 
J OH 
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Fig. 1.3 Species of glyphosate depending on pH and protonation constants 
(Motekaitis and Martell, 1985). 
1.1.3 Commercial formulations based on glyphosate 
Since the water solubility of glyphosate is relatively low, salts of glyphosate 
with much higher water solubility are present in the commercial formulations. In 
most formulations, isopropylamine (IPA) salt of glyphosate (Fig. 1.4) was produced 
with similar herbicidal activity as the glyphosate; other salts in use include 
ammonium salt, sodium sesqui salt and trimesium salt. 
O O CH3 
HO—C — CH2—N—CH2—P一 O— +NH3—Cp 
O OH CH3 
Fig. 1.4 Structure of isopropylamine (IPA) salt of glyphosate. 
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Apart from the active ingredient, the commercial formulations based on 
glyphosate usually contain a so-called surfactant or adjuvant to enhance the cuticular 
penetration of glyphosate into the leaves of plant. Hence, different formulations 
contain different concentrations and salts of active ingredient as well as different 
types of surfactant. There are numerous glyphosate-based commercial formulations 
manufactured by Monsanto Co. in which Roundup® is the most popular one. 
The general composition and properties of three common glyphosate-based 
formulations are listed in Table 1.2. Roundup® is for terrestrial application while 
Rodeo® is mainly for aquatic use in some countries such as the USA. However, 
Roundup® is also considered for use in both situations in many other countries. 
Roundup® Biactive is a new formulation which is manufactured by Monsanto Co. at 
Australia; it is mainly sprayed for the control of aquatic weeds and is claimed to be 
much safer than Roundup®. These three formulations are the subjects of the present 
study. 
Table 1.2 Comparison of three glyphosate-based formulations. 
Rodeo® Roundup® Roundup® Biactive 
Ingredients 
53.8% 41% approx 41% approx 
， A fait ot (38641-94-0)a (38641-94-0) ( 3 8 6 4 1 - 9 4 - 0 ) glyphosate 
Nil 10-20% POEA 10-20% Surfactant (61791 -26-2) (undisclosed) 
Properties 
Colorless Clear, viscous, Green-colored 
Appearance solution amber-colored solution 
solution 
Odor Odorless Odorless Earthy 
Specific gravity 1.22-1.25 1.17 1.17 
pH (1% solution in 4.6-4.8 4.7 4.6 
water)  
a CAS No. 
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1.1.4 Overview of ecotoxicological studies of glyphosate-based formulations 
Among the various formulations based on glyphosate, Roundup® and Rodeo® 
(i.e. EPA salt of glyphosate only) are the most well-studied herbicides for their 
environmental toxicity and concentrations. There are a number of reviews on the 
ecotoxiology of glyphosate and its formulations (e.g. Carlisle and Trevors, 1988; 
Malik et al., 1989; Cox, 1998; Giesy et al., 2000). Cox (1998) critically evaluated 
the environmental hazard of glyphosate-based herbicides in a non peer-reviewed 
journal by an activist group and concluded that formulations based on glyphosate 
may be hazardous to the environment and human. Giesy et al (2000) provided an 
exhaustive review on the toxicity and environmental fate data of Roundup® herbicide. 
Williams et al (2000) also gave a thorough review on the mammalian and human 
toxicology of Roundup® and glyphosate. 
1.1.4.1 Aquatic toxicity of glyphosate-based formulations 
Table 1.3 summarizes the aquatic toxicity studies in the laboratory (published 
papers only). Generally, fish was the most well studied organism, followed by 
invertebrates, algae, amphibians, macrophytes and bacteria. Mostly, freshwater 
species were tested because the direct recipients of the herbicide are freshwater 
systems such as river and lake, while fish not only has ecological but also 
economical and recreational values. 
6 
Table 1.3 Summary of literature on aquatic toxicity tests with glyphosate and its 
formulations. 
Test organisms Test chemicals Endpoints / Treatments References 
Bacteria 
Microtox® Glyphosate acid 5-min and 15-min EC50 Chang et aL, 1981 
2 species Roundup® Dehydrogenase, protease, Chan and Leung, 
ESPS synthase activities 1986 
Biotox™ Glyphosate acid 5-min EC50 Y^dhmetal, 1996 
Microalgae 
Chlorella IPA salt of 96-h EC50 (soaked with Christy et al, 
sorokiniana glyphosate kaolinite and not) 1981 
19 species of Roundup® 14-d EClOO Wangberg and 
3 classes Blanck, 1988 
10 species of Roundup® 24-h inhibition of ^^ C Peterson et al., 
5 classes uptake 1994 
Ankistrodesmus Rodeo® 96-h EC50 (pH-adjusted Gardner et al., 
sp. and pH-unadj listed) 1997 
Scenedesmus Glyphosate acid Growth rate, Wong, 2000 
quadricauda photosynthetic rate and 
chlorophyll-a content 
Macrophytes 
Lemna minor Roundup® 14-d EC50 (absence and Hartman and 
presence of suspended Martin, 1984 
particles) 
Lemna minor Roundup® 2-wk (sprayed and Lockhart et al., 
dissolved glyphosate) 1989 
Invertebrates 
4 species Glyphosate acid, IPA 96-h LC50 Folmar et aL, 
salt of glyphosate, 1979 
Roundup®, POEA 
Daphnia pulex Roundup® 48-h LC50 Hartman and 
Martin, 1984 
Daphnia pulex Roundup® 96-h LC50 Servizi et al., 1987 
POEA 
Chironomus Rodeo® 48-h LC50 Buhl and Faerber, 
riparius 1989 
Fishes 
4 species Glyphosate acid, IPA 96-h LC50 Folmar et al., 
salt of glyphosate 1979 
Roundup®, POEA 
3 species Roundup®, POEA 96-h LC50 Servizi et al., 1987 
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Table 1.3 Summary of literature on aquatic toxicity tests with glyphosate and its 
formulations (continued). 
3 species Rodeo®/ X-77, 96-h LC50 Mitchell et aL, 
Roundup® 1987 
2 species Glyphosate acid 96-h PE LC20 Holdway and 
Dixon, 1988 
5 species Glyphosate acid, 96-h LC50 Wan et al, 1989 
Roundup®, POEA 
Oncorhynchus Vision® (10% and 1-h avoidance reaction Morgan et al., 
my kiss 15 % surfactants) 1991 
2 species IPA salt of 96-h LC50 Anton et al., 1994 
glyphosate 
2 species Rodeo® 96-h LC50 Beyers, 1995 
Amphibians 
4 species of Glyphosate acid, 48-h LC50 Mann and 
Australian frogs IPA salt of BidwelL, 1999 
glyphosate, 
Roundup®, 
Roundup® Biactive FETAX Rodeo®, Roundup®, 96-h LC50 Perkins et al, 
POEA 2000 
Note: LC50 = median lethal concentration; EC50 = median effective concentration; 
PE = pulse exposure; FETAX = frog embryo teratogensis assay-Xenopus. 
Folmar et al. (1979), which remains one of the most comprehensive studies, 
compared the acute toxicities of glyphosate, IPA salt of glyphosate, polyoxyethylene 
amine (POEA) and Roundup® to several macroinvertebrates and fish species. They 
found that the toxicity of Roundup® was mainly attributed to the presence of POEA 
but not IPA salt of glyphosate in Roundup®. In their study, Daphnia magna (48-h 
LC50 = 3.0 mg AE/L) and Pimephales promelas (96-h LC50 = 2.3 mg AE/L) were 
the most sensitive species to Roundup® while Gammarus pseudolimnaeu (scud) was 
the most tolerant species with 48-h LC50 of 200 mg AE/L. The toxicity of 
Roundup® to Oncorhynchus my kiss (rainbow trout) and Lepomis macrochirus 
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(bluegills) was found to increase with temperature. Roundup® toxicity to O. mykiss 
approximately doubled from 7 to \TC and to L. macrochirus from iTC to iTC. In 
another study using FETAX (Perkins et al； 2000), the 96-h LC50s were 7,297, 9.3 
and 6.8 mg AE/L for Rodeo®, Roundup® and POEA respectively. These results 
indicated that POEA is the main toxic agent in Roundup® formulation to 
invertebrates, fish and amphibians. 
The effect of suspended bentonite clay on affecting Roundup® toxicity was 
investigated (Hartman and Martin, 1984). It was found that the addition of 50 mg/L 
bentonite clay increased the Roundup® toxicity to Daphnia pulex (filter-feeder) but 
decreased that to Lemna minor (aquatic macrophyte). This may be due to the fact 
that the Roundup®-clay mixtures increased the bioavailability of Roundup® to D. 
pulex but reduced the uptake of Roundup® by minor. 
Change of pH from 6.5 to 9.5 increased the toxicity of Roundup® to O. mykiss 
(96-h LC50 from 7.6 to 1.4 mg/L) (Folmar et al., 1979); separate testing with IPA 
salt of glyphosate and POEA showed that the IPA salt of glyphosate became more 
toxic at pH 6.5 than at 9.5 while POEA was more toxic at pH 9.5 than at 6.5. Wan et 
al (1989) conducted a series of 96-h acute toxicity tests with 5 species of juvenile 
salmonids to glyphosate acid, POEA and Roundup®, in five types of dilution water. 
Generally, glyphosate acid decreased in toxicity with increase of alkalinity, 
conductivity, hardness and pH of water, while the reverse was true for POEA and 
Roundup®. However, because there were several variables among the water types, 
the results did not elucidate the major component(s) which influenced the toxicities 
of these chemicals. Nevertheless, by referring to the work of Folmar et al (1979), 
pH was possibly the major factor in influencing chemical toxicities of these 
chemicals. 
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For algae, the 96-h EC50 of Roundup® to Chlorella sorokiniana was 3.0 mg 
AE/L with cell deterioration observed (Christy et al., 1981). Wangberg and Blanck 
(1988) and Peterson et al (1994) employed a large number of algal species 
representing different classes to test their sensitivities to Roundup® herbicide. 
Roundup® was much more inhibitory to diatoms (Cyclotella meneghiana and 
Nitzschia sp.) and a nitrogen-fixing cyanobacterium (Aphanizomenon flos-aquae) 
than green algae and other cyanobacteria (Peterson et al., 1994). Wangberg and 
Blanck (1988) attributed the differential toxicities to the phylogenic differences of 
these algae, since prokaryotic (e.g. cyanobacterium) and eukaryotic organisms (e.g. 
green algae) are physiologically different. As glyphosate (acid or IPA salt) is a weak 
acid, it dissociates quickly in the water and lowers the pH if buffering capacity is not 
large enough. pH-associated toxicity might therefore occur in common laboratory 
toxicity tests. Gardner et al (1997) addressed this problem by studying the toxicity 
of Rodeo® in pH-unadjusted and pH-adjusted culture medium to a green alga, 
Ankistrodesmus sp. The 96-h EC50 for pH-unadjusted and pH-adjusted medium 
were 74 and 412 mg/L of glyphosate, and it was suggested that the dose-response 
relationship was affected by the low pH of the test medium. This raised the 
importance of controlling the test environment during toxicity tests. Duckweed, 
Lemna minor，was the most commonly tested macrophyte for the nontarget impact of 
glyphosate and its formulations. Conventionally, toxicity studies with duckweed 
were prepared with chemicals dissolved in the water. However, a study testing 
Roundup® found that L. minor was relatively less inhibited by the herbicide 
dissolved in water but was killed by the application of Roundup® as spray onto the 
leaves (Lockhart et al., 1989). This confirmed that glyphosate needs to have direct 
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contact with the leaves, but is much less bioavailable to the green plants when 
dissolved in water. 
Apart from standard acute toxicity tests, several studies examined the 
avoidance behavior of fish to the herbicides. Rainbow trout (O. mykiss) was found 
not to avoid concentrations of IPA salt of glyphosate up to 10 mg AE/L (Folmar et 
al., 1979). When juvenile rainbow trout (O. mykiss) was exposed to Vision® (i.e. 
Roundup®) with different concentrations of surfactant for one hour, 150 ppm of 
Vision® (with 10% surfactant) and 54 ppm of Vision® (with 15% surfactant) both 
elicited threshold avoidance reactions of the test fish. Also, no preferential reactions 
to the herbicide solution were observed (Morgan et al., 1991). This again indicated 
the sublethal effects (e.g. avoidance) of glyphosate formulations were largely 
determined by the surfactant concentration but not glyphosate itself. 
Overall, these studies showed that the effective concentrations of glyphosate 
and its formulations ranged from several milligrams to thousand milligrams per liter, 
which largely depends on the types of surfactant in the formulations (Perkins et al, 
2000) and the test organisms. According to a toxicity classification scheme for 
aquatic organisms set by USEPA (1985) (Table 1.4), POEA ranged from highly toxic 
to moderately toxic while glyphosate was from slightly toxic to practically nontoxic. 
Table 1.4 Toxicity classifications for aquatic organisms (USEPA, 1985). 
Toxicity classification LC50 / EC50 (mg/L) 
Practically nontoxic > 100 
Slightly toxic > 10, < 100 
Moderately toxic �1，<10 
Highly toxic >0.1,< 1 
Very highly toxic <0.1 
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1.1.4.2 Environmental fate of glyphosate-based formulations in waters 
Over the past 20 years, numerous studies were devoted to develop and/or 
improve the analytical methods of measuring glyphosate and its major metabolite, 
aminomethylphonosphonic acid (AMPA), in environmental samples, due principally 
to the increasing use of this herbicide in the world (Table 1.5). 
Table 1.5 Summary of studies in developing methods in analyzing glyphosate and 
aminomethylphosphonic acid. 
Methods Matrices References 
Derivatization with N-methyl-N- Water Moye and Deyrup, 1984 
(^er^-butyldimethylsilyl) for GC 
Derivatization with fluorinated Water Deyrup et al, 1985 
alcohols-perfluorinated anhydrides 
for GC-FPD 
HPLC with post-column reaction Water, alfalfa, Cowell et al., 1986 
cabbage, grapes, 
soybean 
HPLC with pre-column Water, soil Miles et al，1986 
derivatization Miles and Moye, 1988 
IC with post-column derivatization Soil, sediment, Thompson et al, 1989 
with ninhydrin foliage 
GC-FPD Water, soil Kataoka et al, 1991 
GC-FPD Water, soil, carrot Kataoka et al., 1996 
IC with post-column derivatization Water Mallat and Barcelo, 1998 
IC Water Z\metal, 1999 
GC-MS Water, soil Boijesson and 
Torstensson, 2000 
Note: HPLC = high performance liquid chromatography; GC = gas chromatography; 
IC = ion chromatography; MS = mass spectrometry; FPD = flame photometric 
detection. 
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Despite the many different methods available, HPLC with post-column 
derivatization is the most commonly used method in studying the environmental fate 
of glyphosate and is included as a standard method (APHA, 1995). Nevertheless, 
® 
there is currently no validated method to measure POEA (i.e. surfactant in Roundup ) 
in environmental samples. Therefore, the environmental concentration of this 
surfactant could not be assessed. In the environment, glyphosate dissipation is 
predominantly through microbial degradation while chemical degradation such as 
photolysis and hydrolysis is only minor route (Ruppel et al., 1977). Availability of 
glyphosate in sediment was lower than that in the water column and thus microbial 
degradation was reduced drastically (Zaranyika and Nyandoro, 1993). Therefore, 
there is a possibility that glyphosate accumulates in the sediment (Martin, 2001) and 
concentration becomes high enough to elicit toxic effects to organisms. 
In a study by Goldsborough and Beck (1989), four ponds in a boreal forest in 
Manitoba, Canada were treated by aerial application of 2.5 L/ha of Roundup®; the 
four ponds differed in water quality, including conductivity, alkalinity and several 
cation concentrations. The half-lives of dissipation (DT50) ranged from 1.51 to 3.52 
days of surface water (0-10 cm), with faster dissipation in chemically diluted ponds 
than chemically enriched ones. The dissipation followed a logarithmic function on 
the basis of first-order kinetics. Glyphosate in microcosms containing water and 
sediment decreased at a faster rate than microcosms with water only，which indicated 
sorption of glyphosate onto sediment particles was a major route for glyphosate 
removal from the water column (Goldsborough and Beck, 1989). Vision® sprayed to 
ponds with chemically enriched waters showed biphasic dissipation patterns, in 
which glyphosate dissipated rapidly during the first few days but slowly after about 
10 days (Goldsborough and Brown, 1992). Henry et al. (1994) applied Rodeo® tank 
13 
mixture (RTM) aerially to control cattails in six wetlands of North Dakota, USA. 
Glyphosate concentration in water was higher at 8 d than at 0.5 d，but the reason was 
not known. 
� 
A long-term study was performed with repeated applications of Rodeo to 
exposed mudflat and plots with smooth cordgrass in Willapa Bay，Washington, USA 
(Kilbride and Paveglio, 2001). Glyphosate concentration in sediment of exposed 
mudflat declined rapidly (about 90%) 1 day after treatment, but glyphosate 
concentration in sediment increased (231 to 591%) in the plot with smooth cordgrass 
two years after repeated applications. This indicated that the rhizomes of smooth 
cordgrass did not readily metabolize and just exude glyphosate. 
These data on environmental concentration indicate that glyphosate is rapidly 
removed from water column but becomes associated with sediment. The 
environmental concentration is practically nontoxic if only glyphosate is considered. 
Because surfactants are much more toxic and should be taken into account when risk 
assessment of formulated products is carried out. Therefore, it is not possible to 
conclude whether glyphosate-based herbicides are environmentally hazardous. 
1.1.5 Interaction of glyphosate and other substances 
One of the unique properties of glyphosate is the chelation of cations such as 
metals (Lundager Madsen et al., 1978; Subramaniam and Hoggard, 1988; Kobylecka 
et al., 2000) and polyammonium cations (Abate et al., 1999). Glyphosate has three 
functional groups, i.e. amine, carboxylate and phosphonate; which can coordinate to 
metal ions, especially to hard transition metal ions, at neutral pH where carboxylate 
and phosphonate are deprotonated (Pearson, 1963). Therefore, glyphosate was also 
termed as a “tridentate ligand" (Subramaniam and Hoggard, 1988). Nevertheless, 
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the metal-glyphosate complexes formed have different degree of solubility or 
stability, and this may have implications on how glyphosate is transported in the 
environment and the influence of glyphosate on the bioavailability of different 
cations (especially heavy metals) in the environment. 
Lundager Madsen et al (1978) determined the stability constants of 1:1 
glyphosate and Cu (II), Zn (II), Mn (II), Ca (II), Mg (II) complexes by potentiometric 
pH titration. The stability constants (log KML) reported were 11.92, 8.4, 5.53, 3.25, 
3.25 for the glyphosate complex with Cu, Zn, Mn, Ca and Mg, respectively. This 
showed the stronger complexing property for copper (II) ion but weaker for the two 
macronutrients, Ca and Mg. Insoluble complexes of glyphosate and several metal 
ions were prepared and determined by Subramaniam and Hoggard (1988). Table 1.6 
shows the chemical formula of the five complexes. Sundaram and Sundaram (1997) 
prepared 1:1 glyphosate and Cu (II), Zn (II), Mn (II), Fe (III), Ca (II), Mg (II) 
complexes and determined their solubility products (Ksp) in distilled water, moist 
Ottawa sand, sandy loam and clay loam soils. The Ksp values agreed with the results 
of Lundager Madsen et al (1978) in all matrices, except that complex of Fe (III) was 
first determined and found to be even more stable than copper-glyphosate complex. 
Sundaram and Sundaram (1997) also conducted a bioassay experiment with tomato 
plants which were immersed in the saturated solutions of the glyphosate-metal 
complexes in different matrices; only slight inhibition in growth was observed for all 
treatments while Mg and Ca complexes with glyphosate were the most inhibiting. It 
was concluded that the higher the solubility the greater the free glyphosate 
concentration and thus the greater the growth inhibition. 
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Table 1.6 Chemical formula of five glyphosate-metal complexes (Subramaniam and 
Hoggard, 1988). 






Note: gly = glyphosate. 
1.2 OVERVIEW OF AQUATIC AND SEDIMENT TOXICOLOGY 
1.2.1 Aquatic toxicology 
Aquatic toxicology is a branch under the subject of ecotoxicology, which 
emerged from traditional mammalian, toxicology. Nonetheless, the underlying 
principles are very similar to ecotoxicology and toxicology. Rand et al (1995) stated 
three assumptions for both subjects: (1) a cause-effect relationship exists, (2) a dose 
or concentration-response relationship exists, and (3) effects can be quantified. The 
term "concentration" is used mostly in aquatic toxicology while “dose” is used in 
mammalian toxicology. Another important feature for “toxicology，，is that toxicity is 
a function of the dose/concentration of toxicant and duration of exposure to the 
toxicant. 
Toxicity testing, an important component in aquatic toxicology, have been 
commonly employed since 1950s when scientists wanted to know the “toxicity” of 
discharged effluents. Fishes were very often employed to assess effluent toxicity 
while little work was done with invertebrates and algae; endpoints usually were 
lethality. In the following decades, aquatic toxicologists recognized the importance 
of different components in a food chain and toxicity tests using other groups of 
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organisms including bacteria, protozoa, algae, macrophytes, invertebrates, fishes and 
amphibians increased substantially. Endpoints include survival, growth inhibition, 
and changes in behavior, physiology, histology and biochemistry. Toxicity tests 
offer a means of measuring the concentration and toxicity of the chemicals in water 
since it is impossible to conduct analytical measurement for all kinds of natural and 
synthetic pollutants. Moreover, toxicity tests can assess the bioavailability of 
toxicants which can be modified by biotic and abiotic factors. 
There are mainly two kinds of toxicity tests in the laboratory — acute and 
chronic tests. Acute toxicity tests remain the most commonly used tools to assess the 
toxicity of chemicals, probably due to low cost, ease and short duration. 
Nevertheless, chronic or sublethal toxicity tests were found to be more suitable for 
implementing water and sediment quality criteria since this kind of test can assess 
biological effects at much lower concentration of chemicals, which should be closer 
to the real situations. Regardless of the types used, “standardization” of the toxicity 
tests is important as we need to obtain meaningful results which are largely due to 
the validity of the test itself. Therefore, a number of organizations (e.g. American 
Public Health Association, Environment Canada, International Organization for 
Standardization and United States Environmental Protection Agency) have set 
numerous guidelines for different kinds of toxicity test. The results obtained from 
standard toxicity tests can be used to compare different chemicals or results from 
other laboratories (i.e. interlaboratory comparison). Nonetheless, the majority of 
guidelines and literature have been on freshwater species. Work for marine species 
was found to increase in recent years. Some workers predicted the marine toxicity 
from freshwater data, for example, by comparing species sensitivity distributions 
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(SSDs) of marine and freshwater organisms to the same chemical (Leung et al, 
2001). 
Apart from single-species toxicity tests, other types of test have been widely 
investigated, which include the effects of water chemistry and biological 
characteristics on chemical toxicity, joint toxicity of mixtures, bio accumulation test, 
microcosm/mesocosm studies, and in-situ assessments. 
Sprague (1985) provided a thorough review on different factors in modifying 
aquatic toxicity. He defined any characteristics of the organism or the surrounding 
water that affects the toxicity of a pollutant is considered to act as a modifying factor, 
which can be further divided into two types - biotic and abiotic (Table 1.7). Some 
other studies assessed modifying factors such as algal food concentration (e.g. Yu 
and Wang, 2002), sediment particle size and sediment type (inorganic vs organic) 
(e.g. Fan and Wang, 2001)，and the effect of preexposure of organisms to specific 
toxicants (e.g. Blackmore and Wang, 2002), these may influence the toxicity and 
bioaccumulation of pollutants but abiotic factors mainly affect the speciation of 
chemicals (Witters, 1988), 
Conventional toxicity tests are usually conducted on a single chemical in each 
test. However, mixtures of pollutants occur in the real world (e.g. industrial effluents) 
at the same time (Rand et al., 1995). Therefore, there can be infinite number of 
combinations of toxicants and it is impossible to assess their interrelationship one by 
one. For some chemicals which are usually used together (e.g. tank mix of 
pesticides), their mixture toxicity can be assessed by toxicity tests (e.g. Marking and 
Mauck, 1977). The results can be either "greater than additive" (synergistic), ‘‘less 
than additive" (antagonistic) and "additive" (no interaction) (Marking, 1985). This 
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approach can provide useful information for risk assessment of various chemicals 
frequently occurring together in the environment. 
Table 1.7 Biotic and abiotic factors which can modify aquatic toxicity (Sprague, 
1985). 
Biotic factors Abiotic factors 
Test species Temperature 
Life stage and size Dissolved oxygen 
Nutrition, health and parasitism pH 
Acclimation Dissolved salts (e.g. salinity, hardness) 
Suspended solids 
1.2.2 Introduction to sediment toxicology 
In the aquatic system, chemicals are transported and distributed by physical and 
chemical processes and are eventually associated with the bottom sediments. During 
1980s, research activities on sediment toxicology increased dramatically (Burton, 
1991) because scientists and government agencies needed more information for 
better assessing and managing contaminated sediments. Nevertheless, the physical, 
chemical and biological relationships between the sediment environment and 
associated contaminants are too complicated to give simple and clear relationships. 
Therefore, further research is needed to solve these complex problems. 
Apart from testing sediments collected directly from contaminated sites, clean 
sediment and soil have been spiked with chemicals, which include metals, nonionic 
organics and pesticides. This manipulation can allow us to disseminate the 
relationships of specific chemicals and physicochemical properties of sediment. 
Sediment toxicity can be assessed in several ways, including whole sediment, 
elturiate and porewater exposures. Ankley et al (1991) found that porewater rather 
than the elturiate mimicked the toxicity of sediment. Common freshwater test 
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organisms include amphipod Hyalella azteca, midge Chironomus tentans and 
oligochaete Lumbriculus variegates, the latter is mainly used for bioaccumulation 
study. These tests have been thoroughly reviewed (Ingersoll et al., 1995) and 
standardized (USEPA, 2000). 
1.3 SIGNIFICANCE, OUTLINES AND OBJECTIVES OF THE 
PRESENT STUDY 
1.3.1 Significance of the research 
There were basically five experiments in this research project, the following 
discussed why the experiments were initiated and the significance of the 
understanding of the effects of these herbicides on the aquatic organisms and the 
environment. 
(1) Past studies indicated that the relatively high toxicity of Roundup® is 
attributed to the presence of POEA (Folmar et al., 1979; Servizi et al., 1987; Perkins 
et al., 2000). Nevertheless, these studies only employed organisms of higher level of 
organization (e.g. invertebrates, fishes and amphibians). The present study puts 
greater emphasis on microorganisms and a “battery of bioassay" approach to 
examine the toxicity of the herbicide to micoorganisms. Also, aquatic toxicity data 
of many pesticides on bacteria and protozoa are lacking (DeLorenzo et al., 2001). 
Therefore, this study could provide new information on the toxicity data of 
glyphosate and its formulations on aquatic bacteria, protozoa and microalgae. 
(2) The effects of pH and hardness on Roundup® toxicity to aquatic organisms 
were studied (Folmar et al., 1979; Wan et al., 1989), but different species of fishes 
and invertebrates were used and two or more factors were varied at each test (e.g. 
hardness and pH). Therefore, the general pattern of the effects of different 
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environmental factors could not be drawn. The present study used a model organism 
(Ceriodaphnia dubid) to address this issue and investigated four variables, i.e, 
temperature, pH, concentrations of suspended particles and of algal food. Each 
factor was varied at a time so that the specific effect could be easily identified. 
(3) Although glyphosate-based formulations are widely applied in the 
environment, the toxicity data on benthic organisms are lacking. This experiment 
provided toxicity data of three formulated products (Rodeo®, Roundup® Biactive and 
Roundup®) to a water-column and benthic organism. Surprisingly, sediment toxicity 
data are extremely scarce for glyphosate-based formulations despite its extensive use 
and high adsorption abaility to particle. Therefore, an experiment on sediment 
toxicity of Roundup® and Roundup® Biactive via porewater exposure was carried out 
and the effect of sediment organic carbon on the bioavailability and toxicity of these 
surfactant-containing herbicides was also studied because organic carbon has been 
shown to modify water/sediment partitioning and toxicity of nonionic organic 
compounds (Di Toro et al, 1991) and an anionic surfactant (Cano et al., 1996). 
However, it is not known whether organic carbon modifies the toxicities of the 
tallow amine surfactant in Roundup® and the undisclosed surfactant in Roundup® 
Biactive. 
(4) Glyphosate has a unique property of binding strongly to cations. However, 
most studies investigated the chemical structures and properties of the metal-
glyphosate complexes but not the bioavailability and toxicity of these complexes to 
organisms (Sundaram and Sundaram, 1997). Also, many heavy metals (e.g. silver 
and chromium) were not studied for complexing with glyphsoate. Therefore an 
experiment was conducted to examine how glyphosate (as IP A salt) influences the 
toxicity of different heavy metals to C. dubia. Glyphosate, like 
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ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid 
(DTPA), can affect the reliability of risk assessment of heavy metals in the 
environment if we do not know the effect of glyphosate on heavy metals in the 
natural waters. 
(5) The Mai Po Marshes Nature Reserve in Hong Kong is an internationally 
important wetland for waterfowl. Roundup® is being used for killing and controlling 
a variety of weed species in the reserve area, but no information exists on the 
environmental fate and impact of this powerful weed killer. The work in this thesis 
measured the environmental concentration and persistence of the glyphosate and 
AMPA in water and sediment in the reserve area following normal applications. In-
situ aquatic bioassays were also conducted to determine whether the herbicide posed 
acute hazards to aquatic organisms. This information is essential for better managing 
the wetland. 
1.3.2 Thesis outline and research objectives 
The thesis is divided into six chapters. Fig. 1.5 gives the outlines of the thesis. 
Chapters 1 and 6 are general introduction and conclusion, respectively while 
Chapters 2 to 5 consists of five individual experiments. The overall objective of the 
present study is to provide more information on the aquatic toxicity of glyphosate-
based herbicides for both academic and regulatory purposes and to give information 
for improving management in a coastal wetland (i.e. Mai Po Marshes Nature Reserve, 
Hong Kong) where glyphosate is frequently applied. 
22 
The following are the objectives of this research project: 
1) To differentiate the relative contribution of IPA salt of glyphosate and POEA to 
Roundup® toxicity, by a battery of bioassays with greater emphasis on 
microorganisms (Chapter 2). 
2) To examine the effects of several environmental factors on the toxicity of 
Roundup® using single-organism approach (Chapter 2). 
3) To compare the toxicity of formulated products of glyphosate on water-column 
and benthic organisms and to evaluate the effect of sediment organic carbon on 
the toxicity of the formulated products (Chapter 3). 
4) To study the joint toxicological interaction of Roundup® and selected 
environmental pollutants and the effect of glyphosate on heavy metal toxicities 
(Chapter 4). 
5) To provide information on environmental concentration and persistence of 
glyphosate and AMP A in two aquatic environments following normal 
applications in a coastal wetland and to assess the impact of the herbicide to 

















































































































































CHAPTER 2 Aquatic Toxicity of Glyphosate-based 
Herbicides to Different Organisms and the Effects of 
Environmental Factors 
2.1 INTRODUCTION 
Glyphosate [N-(Phosphonomethyl)glycine] is a nonselective and postemergent 
herbicide. The major formulation is Roundup® in which glyphosate is formulated as 
isopropylamine (IPA) salt and a surfactant, polyoxyethylene amine (POEA), is added 
to enhance the efficacy of the herbicide. Another formulation, Rodeo®, contains the 
IPA salt of glyphosate without the surfactant and is primarily used for controlling 
aquatic weeds in some countries (e.g. USA). Owing to their high water solubility 
and extensive usage in the environment, the exposure of nontarget aquatic organisms 
to these herbicides is a concern of ecotoxicologists. 
Generally, aquatic toxicity data for glyphosate-based formulations are 
relatively scarce with most previous work focusing on freshwater invertebrates and 
fishes (Folmar et al., 1979; Wan et al., 1989) and recently on frogs (Mann and 
Bidwell, 1999; Perkins et al., 2000). Work by Folmar et al (1979) compared the 
acute toxicities of glyphosate acid, Roundup®, IPA salt of glyphosate and POEA to 
several freshwater invertebrates and fishes and concluded that POEA was mainly 
responsible for the acute toxicity of Roundup®. However, there is no similar study to 
examine whether POEA accounts for the toxicity of Roundup® to microorganisms 
(i.e. bacteria, algae and protozoa). Furthermore, the lack of aquatic toxicity data of 
many kinds of pesticides on protozoa and bacteria was pinpointed in a recent review 
(DeLorenzo et al., 2001)，and this is also the case for the glyphosate-based herbicides. 
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Several environmental factors such as pH and temperature have been identified 
to modify the toxicity of pesticides (Howe et al； 1994). Wan et al. (1989) examined 
the effects of different dilution waters on the toxicity of Roundup®, while Folmar et 
� 
al (1979) investigated the effects of pH and temperature on modifying Roundup 
toxicity. Nevertheless, these studies employed different organisms and test 
procedures and therefore could not easily generalize the individual effects of 
different factors on Roundup® (and glyphosate) toxicity. 
The present study was therefore carried out 1) to differentiate the relative 
toxicity contribution of IPA salt of glyphosate and POEA to Roundup® using 
different groups of organisms with emphasis on microorganisms, and 2) to evaluate 
the effects of various environmental factors on modifying the toxicity of Roundup® 
using standard 48 h Ceriodaphnia dubia acute toxicity test. 
2.2 MATERIALS AND METHODS 
2.2.1 Test organisms 
Seven organisms which represent four major taxonomic groups (i.e. bacteria, 
algae, protozoa and invertebrates) were chosen, the selection of which was based on 
their common use, reported sensitivity to pollutants and wide occurrence. Except 
bacteria, all groups consisted of both a freshwater and a marine species. Freeze-dried 
bacterium {Vibrio fischeri) was purchased from Azur Environmental (Delaware, CA, 
USA). Algae, Selenastrum capricornutum (UTEX 1648) and Skeletonema costatum 
(UTEX LB2038) were obtained from the Culture Collection of Algae, the University 
of Texas at Austin, (Austin, TX, USA). Ciliates, Tetrahymena pyriformis (CCAP 
1630/lF) and Euplotes vannus (CCAP 1624/13) were supplied by the Culture 
Collection of Algae and Protozoa (Cumbria, UK). Aquatic Research Organisms 
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(Hampton, NH, USA) provided the cladoceran, Ceriodaphnia dubia and Marine 
Biological Laboratory Helsingor, (Helsingor, Denmark) supplied the copepod, 
Acartia tons a. 
2.2.2 Test chemicals 
Glyphosate acid (CAS: 1071-83-6; > 97% purity) and polyoxyethylene amine 
(POEA) (CAS: 61791-26-2; 100% a.i.) were purchased from Fluka (Buchs, 
Switzerland) and ChemService (West Chester, PA, USA), respectively. Roundup® 
(commercial grade; 41% a.i.) and isopropylamine (EPA) salt of glyphosate (CAS: 
38641-94-0; 56.8% a.i.) were manufactured by Monsanto Chemical Co. (St. Louis, 
MO, USA). Glyphosate acid was included to allow comparison with previous 
studies (e.g. Wong, 2000). 
2.2.3 Comparison between different organisms 
A summary of test methods is shown in Table 2.1. All experiments (except 
Microtox®) were conducted under the same growth conditions as the stock cultures. 
For the algal and protozoan tests, flasks were hand shaken twice daily to prevent 
settling of the cells. A range-finding test was conducted before the definitive test 
which consisted of 5-8 concentrations (dilution factor was 0.5). Because glyphosate 
is a weak acid and 1% aqueous solution of glyphosate has a pH of about 2 (Franz et 
al., 1997), the pH of the test medium (except Microtox®) was measured before and 
after the test with a daily calibrated pH-meter of Orion Model 920A (Boston, MA, 
USA). The dissolved oxygen content before and after the invertebrate lethality tests 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































The calculation of relative toxic contribution of IPA salt of glyphosate and 
POEA to Roundup® to each organism was adopted from Henry et al. (1994) and is 
shown as follows: 
T U I P A = L C 5 OipA(Roundup)/LC5 OipA(alone) AND T U p o E A = L C 5 O p o E A ( R o u n d u p ) / L C 5 OpoEA(alone) 
where T U I P A is toxic unit of IPA salt of glyphosate and T U P O E A is toxic unit of P O E A , 
relative contribution of IPA salt of glyphosate: R C I P A = T U I P A / ( T U I P A + T U P O E A ) 
relative contribution of POEA: R C P O E A = T U P O E A / ( T U I P A + T U P O E A ) 
where RCipa + RCpoea 二 1.0 
R C I P A and R C P O E A were then compared to determine which contributed more to 
the toxicity of Roundup®. 
2.2.4 Environmental factors in modifying Roundup® toxicity 
The 48 h acute toxicity test with C. dubia was carried out as described 
previously, with the variation of four environmental factors, (i) temperature, (ii) 
concentration of suspended particles, (iii) pH of water and (iv) algal food 
concentration, (i) Temperature - C dubia was cultured at 20，25 and 30°C separately 
in an environmental chamber for one or more generations before the tests to produce 
< 24 h old nenoates which were considered to be acclimated to that given 
temperature, (ii) Suspended particles - Kaolin (Acros, Fairlawn, NJ, USA) was 
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added at 50, 100, 150 and 200 mg/L and the clay-Roundup® suspension was mixed 
for more than 2 hours by magnetic stirrer. The clay suspension was agitated every 
12 h with the organisms removed during agitation, (iii) pH - The pH was adjusted to 
6, 7, 8 or 9 by adding 1 mL of calibrating buffers (Riedel-de Haen, Seelze, Germany) 
to 50 mL of reconstituted moderately hard water (Dave, 1984). Plastic vial with a 
tight lid was used to provide pH protection and the pH after 48 h deviated less than 
0.3 unit in all treatments, (iv) Food - Three algal {S. capricornutum) concentrations 
with cells in log-growth phase were added to result in 5 x 10^ 5 x and 5 x 10^  
cells/mL. The algae and Roundup® suspension was stirred overnight to allow 
sorption of the chemicals on algal surface. 
2.2.5 Analysis of glyphosate concentration 
Roundup® (i.e. IPA salt of glyphosate) was spiked onto two types of water -
reconstituted moderately hard water and artificial seawater at 30 ppt salinity. 
Glyphosate was quantified using HPLC with pre-column derivatization (Miles et al., 
1986). The measured concentration for reconstituted moderately hard water was 
100% (士 l.Qo/o SD) as the nominal concentration while that for artificial seawater 
was much lower, being 53.5% (土 6.0% SD) of nominal concentration. Therefore, 
nominal concentration of glyphosate (acid and IPA salts) was used for freshwater 
organism testing throughout the whole study while the recovery-corrected 
concentration was applied to marine organism testing (except Microtox®). POEA 
concentration in water was not determined as there is currently no validated method 
available for measuring POEA in water. 
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2.2.6 Validity of tests and statistical analyses 
Except Microtox®, the growth inhibition tests were validated if the control 
attained double cell density or absorbance at the end of the test (ASTM, 1994); the 
acute lethal tests were validated if the control mortality did not exceed 10% (USEPA. 
1993). The IC50 (or median growth inhibition concentration) was determined by 
plotting probit-log graph in SigmaPlot 6.0 (SPSS, Chicago, IL，USA) and the 95% 
confidence interval was calculated by Probit Analysis with Probit Program 'Version 
1.5 (USEPA). The LC50 (median acute lethal concentration) and 95% confidence 
interval were calculated by the Trimmed Spearman-Karber (TSK) procedure with 
TSK Program Version 1.5 (USEPA). The criterion of "non-overlapping 95% 
confidence intervals" was used to determine significant difference (p < 0.05) 
between LC50s (APHA, 1995). 
2.3 RESULTS 
2.3.1 Comparison between different groups of organisms 
Glyphosate acid caused the greatest drop in pH, followed by IPA salt of 
glyphosate and Roundup® herbicide, while POEA slightly increased the pH of the 
test medium (Fig. 2.1). The dissolved oxygen content of the water in lethality tests 
were always greater than 90% saturation at the beginning and above 70% at the end 
of the test. 
The toxicities of glyphosate acid, Roundup®, IPA salt of glyphosate and POEA 
to the various test organisms are summarized in Table 2.2. Generally, bacterium and 
protozoa (IC50s: 24.9-29.5 mg AE/L) were one order of magnitude less sensitive to 
the toxicity of Roundup® than algae and invertebrates (IC50s and LC50s: 1.77-5.81 
mg AE/L). The toxicity for the other three chemicals was in a decreasing order of 
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POEA > glyphosate acid > IPA salt of glyphosate, except that the IPA salt was twice 
as toxic as glyphosate acid to T. pyriformis. The ranges of IC50s or LC50s for 
glyphosate acid, IPA salt of glyphosate and POEA were 2.27 to 648 mg AE/L, 5.89 
to 386 mg AE/L and 0.57 to 10.2 mg/L, respectively. The contribution of IPA salt of 
glyphosate and POEA to Roundup® toxicity was shown to be species-dependent (Fig. 
2.2). The relative contribution of POEA to Roundup® toxicity was invertebrates > 
protozoa �bac ter ia > algae, but the order was reversed for the EPA salt of glyphosate; 
POEA surfactant contributed more than 46% to Roundup® toxicity to all the test 
organisms. 
5.0 1 ； 1.0 1 Glyphosate acid • . POEA r = 0.51 
0.5 - slope = -0.69 
4.0 . = 0.40 • • / I pH decrea^^\ • • n = 27 
c slope = 1.52 . / I 0.0- • . S ^ U j t • • •2 3.0 n-25 • H • 
2.0- • • • / • I -1.0- • 
* / • pH increase • • 1.0 - . -1.5 - _ 
0.0 i 1 " • , J -2-0 ‘ ‘ • 
0.1 1 10 100 1000 0.1 1 10 100 
Concentration (mg AE/L) Concentration (mg/L) 
4.0 1 2.0 . 
IPA salt of glyphosate Roundup® 
，n , • • * , c =0.12 • 丄0] r-=0.78 • t ；^ slope =0.52 § slope: 1.13 ： . Z .1 n = 21 • 云 n 二 38 •• / 
1-1 ； X 11�-
0.0 * •漏Z • 丨 • • • 丨 , 0 . 0 J • ~ • ~ » , 
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Fig. 2.1 pH changes with the four chemicals added to the different test media. Data 
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Fig. 2.2 Relative toxicity contribution of IPA salt of glyphosate (i.e. EPA-GLY) and 
POEA to Roundup® toxicity to different organisms. 
2.3.2 Environmental factors in modifying Roundup® toxicity to C. dubia 
The affect of temperature on Roundup® toxicity was not significant, being 
slightly less toxic at 20 and 30°C than at 25°C (Table 2.3). The addition of kaolin 
clay at 150 and 200 mg/L was significantly (p < 0.05) more toxic than at 0-100 mg/L 
at 48 h. However, addition of suspended particles alone (control treatment) was 
more toxic at 150 and 200 mg/L as indicated by the higher control mortality (30 and 
60%, respectively). The increasing toxicity of Roundup® from pH 6 to 9 was more 
remarkable at 24 h than at 48 h. The decrease of LC50 at pH 6 from 24 h to 48 h 
might be mainly due to the toxic effect of acidity on C. dubia, rather than the 
increasing toxic effect of Roundup®, which was indicated by the high control 
mortality at 48 h (25%); the difference between 48-h LC50s at different pHs 
diminished as compared with 24-h LC50. Food addition at different concentrations 
did not have significant influence on the LC50 values (24-h and 48-h). 
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Table 2.3 Effects of environmental factors on Roundup® toxicity to C. dubia. 
Treatments 24-h LCSOs 48-h LC50s 
mg AE/L mg AE/L 
Temperature ^ 10.0 (7.37-13.6/ 6.73 (5.72-7.91)A^ 
(OQ 25 6.43 (5.80-7.13) A 5.39 (4.81-6.05) A 
30 9.51 (8.32-10.9) B 6.51 (5.75-7.37) A 
Suspended 0 6.43 (5.80-7.13) A 5.39 (4.81-6.05) C 
particles 50 8.28 (6.74-10.2) AB 4.76 (3.99-5.68) C 
(mg/L) 100 6.67 (4.81-9.26) AB 3.61 (2.68-4.85) BC 
150 8.00 (6.50-9.84) AB 1.41 (0.66-3.02)�AB 
200 11.6 (8.18-16.3) AB 0.59 (0.40-0.88)�AB 
pH 6 > 16.0^ C 4.47 (3.86-5.18)' B 
7 14.3d c 7.46 (6.17-9.02) C 
8 8.57 (7.08-10.4) B 7.13 (5.85-8.68) C 
9 3.78 (3.18-4.50) A 2.90 (2.47-3.41) A 
Food 0 6.43 (5.80-7.13) A 5.39 (4.81-6.05) A 
concentration 5,000 9.51 (8.26-11.0) B 8.28 (6.90-9.94) B 
(cells/mL) 50,000 7.70 (6.15-9.63) AB 7.19 (5.52-9.36) AB 
500,000 9.19 (7.63-11.1) B 6.50 (5.05-8.36) AB 
a 95% confidence interval in parentheses, 
b LC50 wa greater than the highest concentration tested. 
c 48-h control mortality: 30% for 150 mg kaolin /L; 60% for 200 mg kaolin/L; 25% 
for pH 6. (i.e. greater than 10% control survival criterion), 
d 95% confidence interval cannot be calculated. 
e A to J denote whether LC50 values are significantly {p < 0.05) different from each 
other at the same treatment and at the same time point (same letter means no 
significant \p > 0.05] difference). 
2.4 DISCUSSION 
2.4.1 Toxicity of glyphosate to photosynthetic organisms 
The toxicity of Roundup® to aquatic organisms can be attributed to both IPA 
salt of glyphosate and POEA, which depends on the group of organisms considered. 
Algae, which are photosynthetic, possess similar metabolic pathways as higher plants 
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(e.g. aromatic amino acids synthesis). Therefore, algae were more susceptible to the 
herbicidal effect of IPA salt of glyphosate than other non-photosynthetic organisms. 
Skeletonema costatum was 7 to 10 times more sensitive than Selenastrum 
capricornutum to glyphosate (both acid and salt forms), and this agreed with the 
results of a previous study (Peterson et aL, 1994) in which the percent inhibition of 
carbon uptake by Roundup® herbicide were 73-77% in diatoms (Cycloetlla 
meneghiana and Nitzschia sp.) and 3-18% in green algae {Selenastrum 
capricornutum and Scenedesmus quadricauda). This may be attributed to the 
phylogenic variation between different groups of algae (Wangberg and Blanck, 
1988). Other non-photosynthetic organisms (bacteria, protozoa and invertebrates) 
were much more tolerant to the toxicity of IPA salt of glyphosate, and the same 
applied to fishes (Folmar et al.’ 1979) and frogs (Mann and Bidwell，1999; Perkins et 
al., 2000), since these organisms do not rely on the pathway of aromatic amino acids 
synthesis. 
2.4.2 pH-associated toxicity of glyphosate 
Glyphosate acid and IPA salt of glyphosate lowered the pH of the test media, 
the effect of which was stronger in the former. This may result in generally lower 
IC50s and LC50s for glyphosate acid than IPA salt of glyphosate. Gardner et al 
(1997) reported a lower 96-h IC50 of glyphosate to green alga, Ankistridesmus sp., 
for pH un-adjusted than pH-adjusted test medium, while Mann and Bidwell (1999) 
reported a higher toxicity of glyphosate acid to tadpole of Litoria moorei which was 
attributed to acid intolerance of this organism. Although glyphosate acid had been 
studied in the past, it is neither included in the formulated products nor applied to the 
environment, and therefore studies with glyphosate acid may overestimate the 
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toxicity of "glyphosate". It is more appropriate to test the formulated products (e.g. 
Roundup® and Rodeo®) for toxicity. Buffered medium or pH-adjustment should be 
included in toxicity tests to eliminate pH-associated toxicity because natural water 
has larger buffering capacity to resist dramatic pH change. 
2.4.3 High potency of surfactant 
POEA was toxic to all the organisms tested, with IC50s and LC50s ranging 
from 0.57 to 10.2 mg/L. Marine bacterium, V. fischeri, was the least sensitive 
species while the marine copepod, A. tonsa, was the most sensitive species to POEA 
toxicity (48-h LC50 = 0.57 mg/L). The present experiment used adults, and the 
LC50 of POEA could be much lower if napuliars were used, as the sensitivity of 
naupliar stages of A. tonsa to cypemethrin (a pesticide) was found to be 28 times 
greater than the adult stages after 96 h of exposure (Medina et al., 2002). The 
toxicity of POEA or other frequently used surfactants should be fully evaluated with 
this highly sensitive species� 
2.4.4 Effects of environmental factors on Roundup® toxicity 
® 
Change of temperature did not result in significant difference of Roundup 
toxicity at 48 h. This contrasted with the results of Folmar et al (1979) in which 
rainbow trout and bluegills showed greater susceptibility to Roundup® toxicity as 
temperature increased from 7 to 17�C and 17 to 27�C, respectively. However, the 
temperature effect in modifying toxicity could not be easily generalized because it 
depended on the test chemicals and species (Carins et al., 1975). The increase in pH 
of the test water from 6 to 9 significantly increased the acute toxicity of Roundup® to 
C. dubia (at 24 h), in which Roundup® was significantly more toxic at pH 9 (at 48 h). 
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This agreed with previous studies with fishes (Folmar et al., 1979; Wan et al., 1989), 
which demonstrated that glyphosate decreased but POEA increased toxicity from 
acidic to alkaline pH, and thus POEA paralleled the trend of Roundup® in acute 
toxicity. The tallow amine surfactant is cationic at acidic and neutral pH but 
becomes non-ionic in alkaline pH (Cullum, 1994). Therefore, non-ionic form of 
POEA should exert greater toxicity to the organisms, mostly through non-specific 
membrane disruption (Maki, 1979; Schuiirmann, 1990), and hence greater toxicity in 
alkaline medium. 
The suspended particle used was kaolin clay. The 48-h toxicity was shown to 
increase with clay concentration. The 48-h LC50s were higher for 150 and 200 mg 
kaolin/L which may probably be due to the combined effect of toxicity of suspended 
particle and active intake of sediment-Roundup® mixtures by the animals. Similarly, 
the addition of bentonite clay decreased the 48-h LC50 of Roundup® in Daphnia 
pulex (Hartman and Martin, 1984). These results suggest that the POEA surfactant 
(and possibly glyphosate) would bind to the clay surface and be directly taken up by 
the filter-feeding cladocerans. The strong binding of IPA salt of glyphosate to 
kaolinite was confirmed by Christy et al. (1981). Cells of S. capricornutum was the 
major food for C. dubia in this study, and the filter-feeding animals should take up 
the algal cells from the water column. However, clear correlation between algal 
concentration and toxicity was not apparent from the data obtained in this study and 
this may suggest POEA surfactant did not bind to the algal surface. 
2.5 CONCLUSIONS 
In risk assessment of pesticides, both the toxicity of pesticides and the expected 
exposure to organisms should be considered. Peterson et al (1994) and Perkins et al 
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(2000) calculated the maximum expected environmental concentration (EEC) of 
glyphosate in 15 cm water was 2.88 mg AE/L. This concentration would be 
hazardous to aquatic organisms if we consider Roundup® but not Rodeo®. Surfactant 
of lower toxicity could replace POEA in Roundup®. For example, a new formulation 
(Roundup® Biactive) with undisclosed surfactant manufactured by Monsanto Co., 
Australia is claimed to be safer to use than Roundup®; Roundup® Biactive was about 
14 times less toxic than Roundup® to C dubia with 48-h LC50 = 81.5 mg AE/L (see 
Chapter 3 of the thesis). Despite the rapid sorption of glyphosate and possibly the 
surfactant to sediment, the EEC of glyphosate may be much lower than 2.88 mg 
AE/L. However, environmental factors (e.g. pH and suspended sediment) may 
enhance the acute or chronic toxicity of glyphosate-based formulations. 
Due to the removal of patent protection for Roundup® by Monsanto Co. and the 
development of genetically engineered glyphosate-resistant crops, the use of 
glyphosate-based formulations is expected to increase substantially. Therefore, 
further assessment of the environmental impact of glyphosate with different types of 
surfactant should be carried out. 
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CHAPTER 3 Toxicity of Rodeo® Roundup® Biactive and 
Roundup® to Water-column and Benthic Organisms and 
the Effect of Organic Carbon on Sediment Toxicity 
3.1 INTRODUCTION 
In the past, the toxicities of glyphosate-based formulations have been assessed 
using a variety of aquatic organisms, including bacteria，algae, protozoa, 
macrophytes, invertebrates, fishes and frogs [see Chapter 1 and a recent review by 
Giesy et al (2000) for details]. Notwithstanding, these organisms are mostly water-
column organisms (e.g. cladocerans and pelagic fishes) and the tests were carried out 
without the presence of sediment particles (WHO, 1994). In these tests, the route of 
exposure to the organism was mainly through dissolved glyphosate and surfactant (if 
present). The data on sediment-associated toxicity of glyphosate-based formulations 
are surprisingly lacking in the literature. Kubena (1998) reported 96-h LC50 values 
of Rodeo® to be 3,988 and 13,368 mg/kg for the Pacific oyster (Crassostrea gigas) 
and an estuarine amphipod (Eohaustorius estuaries), respectively. Since Rodeo® 
does not contain any surfactant, these toxicity values cannot be extrapolated to other 
surfactant-containing formulations such as Roundup® and Roundup® Biactive. 
Previous studies indicated that glyphosate rapidly adsorbed onto sediment particles 
(Goldsborough and Beck, 1989), which was more slowly degraded when compared 
to free form of glyphosate in the water-column, due to the fact that glyphosate was 
not readily available for microbial degradation when tightly bound to the sediment 
(Rueppel et al., 1977; Zaranyika and Nyandoro, 1993). Furthermore, organizations 
such as World Health Organization (WHO, 1994) and Environment Canada (Martin 
et al., 2001) recommended sediment toxicity test to be conducted for glyphosate and 
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their formulated products, due to the accumulation and relatively long half-life in the 
sediment. 
On the other hand, surfactants such as polyoxyethylene amine (POEA) in 
Roundup® are the principal toxic component in the formulated products to aquatic 
organisms (Folmar et al., 1979; Mann and Bidwell, 1999; Chapter 2 of this thesis); 
but surfactants incorporated in glyphosate-based products are lacking sediment 
toxicity data, both in the laboratory and the field. An unpublished report by 
Monsanto Co. showed that POEA adsorbed strongly to soil (Marvel, 1974). These 
situations prompt to a question of whether POEA (and surfactant of other products) 
does not degrade when adsorbed to sediment, accumulates to a higher concentration 
and becomes hazardous to benthic organisms. 
For many nonionic organic chemicals, the degree of sorption correlated very 
well with the organic carbon content of sediments if the content was > 0.2%. This 
becomes the basis for the equilibrium partitioning (EqP) approach and is currently 
applied to the sediment quality criteria (Di Toro et al., 1991). There were extensive 
studies using the EqP approach to examine whether the partitioning of specific 
organic chemicals was subject to the effect of sediment organic carbon, for examples 
on insecticide chlorpyrifos (Ankley et al., 1994)，anionic surfactants such as linear 
alkylbenzenesulfonates LAS (Orth et al., 1995; Westall et al., 1999) and highly 
branched alkylbenzene sulfonate ABS (Cano et al., 1996), and alcohol ethoxylate 
(Cano and Dom, 1996). Nevertheless, not all of the organic chemicals tested were 
subject to the effect of organic carbon, e.g. sorption of alcohol ethoxylate was 
affected by the clay content of sediment, instead of the organic carbon (Cano and 
Dom, 1996). 
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In this study, two formulated products manufactured by Monsanto Co. viz. 
Roundup® and Roundup® Biactive are of major concern because they contain 
surfactants to increase herbicidal efficacy and are usually used nearby or in the 
aquatic environments. 
There were two experiments in this study. The first experiment compared the 
sensitivities of Ceriodaphnia dubia (water-column) and Hyallea azteca (benthic) to 
Rodeo®, Roundup® and Roundup® Biactive through water-only toxicity tests. The 
second one examined the effect of organic carbon on the sediment toxicities of 
Roundup® and Roundup® Biactive by exposing C. dubia to overlying water or 
porewater, and study the effect of organic carbon on porewater-sediment partitioning 
of glyphosate. Overall, this study aimed to provide new sediment toxicity data for 
these commonly used herbicides. 
3.2 MATERIALS AND METHODS 
3.2.1 Test chemicals 
Rodeo (i.e. isopropylamine salt of glyphosate) and Roundup were 
manufactured by Monsanto Co. (St. Louis, MO, USA) while Roundup® Biactive was 
produced by Monsanto Co. at Melbourne, Australia. The physical and chemical 
properties, and components of the three herbicides are summarized in Table 1.2. 
3.2.2 Test organisms 
Stock of Ceriodaphnia dubia was purchased from Aquatic Research Organism 
(Hampton, NH, USA) and the starter culture of Hyalella azteca was kindly provided 
by Dr. Allen Burton (Wright State University, OH, USA). Organisms were cultured 
in the laboratory according to USEPA guidelines (USEPA, 1993 and 2000). The 
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culture and test water for C, dubia was reconstituted moderately hard water ( R M H W ) 
(USEPA, 1993) and that for H. azteca was reformulated reconstituted moderately 
hard water ( R R M H W ) as described by Simth et al (1997). 
3.2.3 Toxicities to water-column and benthic organisms 
® 
Forty-eight hours water-only acute toxicity tests were carried out with Rodeo , 
Roundup® Biactive and Roundup® using < 24 h old neonates of C dubia and 7-12 d 
old oiH. azteca. Five concentrations (0.5 as dilution factor) and a negative control 
(water only) were included in each toxicity test. There were four replicates and five 
individuals per replicate in every concentration (i.e. 120 individuals and 24 test 
chambers per test). The tests were static and non-renewal, and the organisms were 
not fed during the test. For K azteca, a piece (3 cm x 2 cm) of plankton net (〜125 
j^m mesh size) pre-rinsed with deionized water was added to each test chamber as a 
substrate for amphipod attachment (Ankley et al., 1991). The test endpoints were 
24-h and 48-h median lethal concentrations (LC50s). The test for C. dubia was 
validated if control mortality did not exceed 10% while that for H. azteca was 
validated if control mortality did not exceed 20%. 
pH, conductivity and dissolved organic carbon of the test water were 
determined according to the standard methods (APHA, 1995). Dissolved oxygen 
before and after the test was measured with a YSI oxygen-meter Model 58 (Yellow 
Springs, O H , USA). Total ammonia concentration after the test was measured by a 
Lachat ion analyzer (Milwaukee, WI, USA). Concentrations of glyphosate spiked in 
the two synthetic waters were determined using HPLC method with pre-column 
derivatization (Miles et aL, 1986) by a Hewlett-Packard HPLC Series 1100 with 
spectrofluorometric detector (入excitation = 270nm and 入emmission = 315nm). 
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3.2.4 Effect of sediment organic carbon 
In this experiment, < 2 4 h neonates of C. dubia were used to assess the effect of 
organic carbon on sediment-associated toxicity of Roundup® and Roundup® Biactive. 
C. dubia was exposed to porewater and overlying water separately. 
A topsoil obtained from a quarry at Lam Tei, Hong Kong was used as the 
reference soil for herbicide spiking because clean sediment was not available locally. 
This soil was relatively uncontaminated as indicated by the relatively low 
concentrations of heavy metals measured by ICP-AES (Table 3.1). The soil was air-
dried for one week, sieved through a 1-mm standard sieve and characterized 
accordingly. The soil contained 1.3% moisture (w/w) and 0 % total organic carbon. 
Textural analysis was carried out using hydrometer method which indicated that the 
soil comprised of 74.8% sand, 12.1% silt and 13.1% clay. The soil was sandy loam 
according to the U S D A classification scheme。 
Table 3.1 Concentrations of heavy metals of the reference soil. 
Heavy Total concentration^ Extractable concentration^  
metals (mg/kg) (mg/kg) 
^ <0.10 <0.01' 
Cd 0.24 <0.01 
Cr <0.10 0.04 
Cu 2.00 1.9 
Ni 0.36 0.02 
Pb 18.4 8.33 
Zn 16.7 6.91 
a Soil was extracted with ammonium acetate at pH 4.6. 
b Soil was digested with mixed acid of conc. H2SO4 and conc. HNO3 at 120°C. 
c Values are below the detection limit. 
Adsorption experiments of glyphosate on the reference sediment was also 
conducted using the method as described by Morillo et al (2000) in order to 
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determine the adsorption ability and suitability of the soil for this experiment. 
Briefly, 0.3 g of topsoil (< 1-mm particle size) was put into 30 m L of 0.01 M NaCl 
containing a fixed concentration (5 m g AE/L) of IPA salt of glyphosate, the 
glyphosate/water/soil slurry was shaken at 200 rpm for 24 h at room temperature. A 
treatment without soil was also included with glyphosate at 5 m g AE/L to counteract 
the effect of glyphosate adsorbed to container wall. The treatments were done in 
triplicate. The glyphosate concentration in the solution was measured and the 
amount adsorbed O g AE/g) on the soil was calculated based on the difference of the 
glyphosate concentrations in the solution before and after the experiment. 
Sediments with varying organic carbon contents were prepared by mixing the 
soil with appropriate amount of Schultz® peat moss (St. Louis, M O , USA). Peat 
moss was selected because it is relatively insoluble, settles with sediment and does 
not significantly affect the dissolved organic carbon (DOC) of the test water (Cano et 
al, 1996; Eimers et al, 2002). Peat moss was passed through a 1-mm sieve. The 
moisture content of peat moss was 59.1%. Keeping peat moss moist was to prevent 
large amount floating on the water surface (Naylor and Rodrigues, 1995). The total 
organic carbon (TOC) of peat moss was determined by a Schimadzu T O C analyzer 
(Kyoto, Japan) and was found to be 71.0%. T O C of the prepared sediments were 0, 
0.41, 1.18 and 2.13% (dry weight basis). 
For every treatment, five concentrations (0.5 as dilution factor) and a negative 
control (water only) of both formulations were prepared. The spiking and test 
methods were modified from Cano et al (1996) and USEPA guidelines (2000). 
Each herbicide was dissolved into 100 m L test water to a desired concentration in 
order to obtain a nominal "glyphosate concentration in sediment" (on m g AE/kg 
basis). This 100 m L aliquot was mixed immediately with 500 g of dried soil in a 
plastic container by a stainless-steel spatula. One hundred m L of wet sediment was 
put into 400 m L tall-form borosilicate glass beaker and 175 m L of test water was 
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poured slowly along the side of the beaker containing the wet sediment to prevent 
resuspension of the sediments. This ratio (100 m L sediment : 175 m L water) was 
chosen as it was close to the standard whole-sediment toxicity test (USEPA, 2000). 
Four replicates were used for the establishment of chemical equilibrium in the tall 
form beakers. The test beakers were allowed to stand for 24 h before starting the 
toxicity tests for chemical equilibrium to establish for surfactants and glyphosate 
between water-sediment interface. 
After 24 h, the water above sediment (i.e. overlying water) was siphoned out by 
plastic tubing and filtered through 0.45 jim. Wet sediment was centrifuged at 2,500 
rpm for 30 minutes (Ankley et al., 1991) and the supernatant was decanted and 
filtered through 0,45 jim. Both waters were tested either immediately or stored for 
no more than 2 weeks at -20。C (LiB and Ahlf, 1997). The four replicates of 
overlying water (OW) and porewater (PW) at the same concentration were pooled 
together for toxicity tests. The O W and P W were tested by pouring into 50 m L glass 
beakers and introducing 5 individuals of < 24 h nenoates of C. dubia. There were 6 
concentrations per test and 4 replicates for each concentration. Analyses of basic 
physicochemical parameters for O W and P W were the same as previously described. 
P W and O W were analyzed for dissolved glyphosate concentration but not for 
surfactants of Roundup® and Roundup® Biactive because we lacked validated 
methods for these chemicals; their partitioning between porewater and sediment were 
deduced from toxicity tests. The test lasted for 48 h，and animal counting were 
performed at 24 h and 48 h. Mortality (no response when gently disturbed) of the 
animals was used as the endpoint. The validity of the test was 90% or more for 
survival in the P W and O W controls (USEPA, 1993). 
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3.2.5 Statistical analyses 
The LC50 (median acute lethal concentration) and 95% confidence interval 
were calculated by the Trimmed Spearman-Karber (TSK) procedure with TSK 
Program Version 1.5 (USEPA). The criterion of "non-overlapping 95% confidence 
intervals" was used to determine significant difference (p=0.05) between LCSOs 
(APHA, 1995). 
3.3 RESULTS 
3.3.1 Toxicities to water-column and benthic organisms 
Dissolved oxygen content was generally greater than 100% of saturation at the 
beginning and not less than 70% at the end of both tests. D O C of R M H W and 
R R M H W were 3.72 and 4.26 mg/L, respectively. Conductivity of R M H W and 
R R M H W ranged from 291-295 and 347-348 jiS/cm, respectively. Ammonical 
nitrogen (NHx-N) at the end of the test ranged from 0.20 to 0.30 m g N/L, which was 
far below the known toxic concentration to aquatic organisms. Spiked glyphosate 
concentrations (士 SD) in R M H W (C. dubia test) and R R M H W (K azteca test) were 
100% (土 l.Oo/o) and 106% (± 6.9%) of the nominal concentrations, respectively. 
Therefore, nominal concentration was used for R M H W and recovery-corrected 
concentration was used for R R M H W . 
Generally, the toxicity order for the three herbicides were Roundup® > 
Roundup® Biactive > Rodeo® (Table 3.2). H. azteca were significantly more 
sensitive (p < 0.05) to Roundup® and Rodeo® than C. dubia while they were equally 
sensitive to Roundup® Biactive. A comparison of the 48-h LC50 values indicated 
that Roundup® was 14-80 and 73-151 times as toxic as Roundup® Biactive and 
Rodeo®, respectively. However, such a difference in toxicity was probably due to 
the toxic effect of the surfactants present in Roundup® and Roundup® Biactive. 
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Table 3.2 LC50s of the various formulations to C. dubia and K azteca in the water-
only toxicity tests. 
Herbicides Endpoints C. dubia test H. azteca test 
LC50S (mg AE/L) LC50s' (mg AE/L) 
Rodeo® 707 (618-809)' 347 (123-979) 
48-h 415 (339-508) 225 (151-336) 
Roundup® 24-h 90.1 (72.6-112) 190' 
Biactive 48-h 81.5 (67.1-99.2) 120 (80.6-180) 
Roundup® 24-h 6.01 (5.44-6.64) 3.00(1.83-4.90) 
48-h 5.66。 1.49 (0.99-2.29) 
a LC50 values were corrected for the recovery of glyphosate in R R M H W . 
b 95% confidence interval in parentheses, 
c 95% confidence interval cannot be calculated. 
3.3.2 Effect of sediment organic carbon 
In the adsorption experiment, the average amount of glyphosate adsorbed on 
the sediment was 133 m g AE/kg (SD 士 27.9 m g AE/g). This confirmed the ability of 
the soil used in adsorbing glyphosate and its suitability for this spiking experiment. 
Table 3.3 summarizes the results of the porewater toxicity tests, which are expressed 
as nominal spiked concentration in sediment (also graphically presented in Fig. 3.1) 
and measured glyphosate concentration in porewater. For Roundup®, the 48-h 
LC50s based on nominal concentration were significantly higher (p < 0.05) for 
sediment organic carbon contents of 1.18 and 2.13% than those of 0 and 0.41%. 
Nevertheless, the 48-h LCSOs based on glyphosate concentration in porewater 
increased with sediment organic carbon, which suggested that the P O E A 
concentration in porewater decreased with sediment organic carbon if strict additivity 
of glyphosate and surfactant toxicity at different organic carbons was assumed. For 
Roundup® Biactive, there was no obvious difference of 48-h LC50s, either based on 
the nominal and measured concentrations. This implied that the water-sediment 
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partitioning of the undisclosed surfactant in Roundup® Biactive was not influenced 
by the organic carbon levels. Indeed, the 48-h LC50s based on measured glyphosate 
concentrations in porewater were slightly higher at 1.18 and 2.13% than at 0 and 
0.41% organic carbon, thus the undisclosed surfactant may be less sorptive to the 
sediment at higher organic carbon. However, further investigation is needed to 
verify this speculation. 
The water-only 48-h LC50 to C. dubia was almost 14 times higher for 
Roundup® Biactive than Roundup® (Table 3.2). However, the 48-h LC50 for 
Roundup® Biactive in sediment (at 0 % OC) was 340 m g AE/kg and was only slightly 
less toxic than that of Roundup® in sediment of the same organic carbon (48-h LC50 
=244 m g AE/kg). This indicated that Roundup® Biactive (especially the 
undisclosed surfactant) was much less adsorbed by the soil used in the present study 
than Roundup® at 0 % organic carbon treatment. 
For the O W exposure, in most cases < 50% mortality was found (except one 
treatment), and therefore no LC50 value was calculated for O W exposure. This 
suggested that the O W was not the primary route of exposure of the chemicals. 
pH of both O W and P W and conductivity of O W slightly decreased with 
increasing organic carbon content (e.g. pH reduced to 6.50-6.87 at 2.13% organic 
carbon), while the conductivity of P W remained relatively constant at all organic 
carbon levels (Table 3.4). D O C of P W from sediment containing 2.13% organic 
carbon was about 4.5-fold that with 0 % organic carbon, which was comparable to 
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Fig. 3.1 48-h LC50s of Roundup® and Roundup® Biactive at different organic 
carbon levels to C. dubia in porewater toxicity tests. Error bars denote 95% 
confidence interval. 
The concentration of glyphosate in P W was shown to depend on the organic 
carbon content of sediment, which generally decreased with organic carbon levels 
(Fig. 3.2). This indicated the controlling effect of organic carbon on the partitioning 
behavior of glyphosate. Moreover, the distribution ratio (D) between sediment and 
water was defined as: D = Cs/Cw, where Cs is the nominal concentration of 
glyphosate and Cw is the measured glyphosate concentration in P W . The D values of 
glyphosate were calculated and presented in Fig. 3.3. Generally, the partitioning of 
glyphosate was again shown to be influenced by sediment organic carbon, though the 
effect was not remarkable. 
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Table 3.4 Organic carbon and physicochemical quality of overlying water and 
porewater in toxicity tests. 
Sediment Overlying water (OW) Porewater (PW) 
T O C T O C D O C ^ Conductivity D O C C o n d u c t i v i t y 
(o/odrywt) (mg/L) (mg/L) (|iS/cm) (mg/L) (|aS/cm) 
0 ^ ^ ^ ^ ^ 
0.41 3.23 2.81 7.74 348 13.9 8.21 739 
1.18 4.60 4.09 7.21 331 16.3 7.60 787 
2.13 5.24 4.53 6.50 296 46.8 6.87 631 
Note: Values are average of duplicates; T O C 二 total organic carbon; D O C = 
dissolved organic carbon. 
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Spiked concentration of glyphosate in sediment (mg AE/kg) 
Fig. 3.2 Concentration of glyphosate in porewater vs. spiked glyphosate 
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Fig. 3.3 Distribution ratios (D) of glyphosate between sediment and porewater (PW), 
as a function of sediment organic carbon. Error bars = SD (n = 6-8). 
3.4 Discussion 
The first experiment was to compare the sensitivities of C. dubia and H. azteca 
to Hodeo®，Hoimdup® Biactive and Houndup®. The second experiment was to 
determine the routes of exposure, lethal sediment concentrations and the effect of 
organic carbon on the toxicities of Roundup® and Roundup® Biactive to C. dubia in 
the sediment phase, by exposing the cladocerans to overlying water (OW) and 
porewater (PW) separately over a period of 48 h. 
3.4.1 Different sensitivities between water-column and benthic animals 
H. azteca was the most sensitive to Roundup® toxicity among the organisms 
tested in the research project, with 48-h LC50 of 1.49 m g AE/L. H. azteca was even 
54 
more sensitive than the diatom Skeletonemna costatum and the marine copepod 
Acartia tonsa to Roundup® toxicity (Table 2.2). For Roundup® Biactive，the 
sensitivities of C. dubia (48-h LC50 = 81.5 m g AE/L) and H. azteca (48-h LC50 -
120 m g AE/L) were comparable. H , azteca (48-h LC50 = 225 m g AE/L) showed 
significantly higher sensitivity toward Rodeo® herbicide than C. dubia (48-h LC50 二 
415 m g AE/L). C dubia is a commonly used organism for testing the toxicity of 
effluents in the laboratory while H. azteca is recommended by several organizations 
(e.g. A S T M and USEPA) for conducting whole sediment toxicity test. These 
organisms are of high sensitivity class among the invertebrates, but the amphipod 
• ® 
showed even significantly higher sensitivities to some of the chemicals (Roundup 
and Rodeo®) and similar sensitivity to Roundup® Biactive when compared to C. 
dubia. Among benthic invertebrates, H. azteca showed higher sensitivities to 8 of 10 
chemicals (5 heavy metals and 5 pesticides) than Chironomis tentans, which is also 
commonly used in sediment toxicity test (Phipps et al., 1995). 
This experiment tested both organisms over a period of 48 h, rather than the 
conventional 96-h and 10-d toxicity tests with the amphipods, which should give a 
reasonable comparison between the sensitivities of the two organisms. For the age of 
the organisms, the golden rule is: the smaller the age and/or size, the higher the 
susceptibility to the toxicants. Nenoates of C. dubia of < 24 h old should be the most 
sensitive stage of this cladoceran while juveniles of 7-12 d old of H. azteca were 
used for toxicity tests. Nevertheless, the age class was not a critical factor in 
determining the sensitivity of H. azteca to toxicants. Collyard et al (1994) 
determined 96-h LC50s for a number of chemicals (diazinon，a mixture of 
alkylphenol ethoxylates, copper, cadmium, and zinc) to H. azteca with ages ranging 
from < 1 to 26 d old and found that the overall age-specific differences in sensitivity 
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were relatively small. The 96-h LCSOs often varied by 50% or less among different 
age classes of H. azteca but no particular age class was consistently the most 
sensitive to these toxicants. 
3.4.2 Relative toxicities of three herbicides 
Since Rodeo® contains IPA salt of glyphosate without any surfactant, several 
studies (e.g. Folmar et al., 1979; Mitchell et al., 1987; Perkins et al., 2000) and 
Chapter 2 of this thesis showed that P O E A is the principal toxic agent in Roundup®. 
Therefore, surfactant is attributed to the difference observed in toxicity. However, 
there are too few toxicity data for Roundup® Biactive, a relatively new formulation 
manufactured by Monsanto Co. at Australia. Mann and Bidwell (1999) tested the 
sensitivity of Roundup® Biactive to four species of southwestern Australian frogs 
and found that tadpole of Litoria moorei was the most sensitive organism to 
Roundup® Biactive, with a 48-h LC50 of 328 m g AE/L. The IPA salt of glyphosate 
(i.e. Rodeo®) was found to be more toxic than Roundup® Biactive to some frog 
species, which was contrary to the results obtained in this study using C. dubia and H. 
azteca. Since Roundup® Biactive contains IPA salt of glyphosate as the active 
ingredient plus 10-20% of an undisclosed surfactant (Table 1.2), it is suggested that 
the undisclosed surfactant in Roundup® Biactive should be responsible for the higher 
acute toxicities of Roundup® Biactive than Rodeo® (2-5 times). 
In Australia, Roundup® Biactive complies with the current national regulations 
and is registered for controlling aquatic weeds. It contains a relatively less toxic 
surfactant than that of Roundup®. However, the environmental concentration and 
environmental properties (e.g. partition coefficients) should still be taken into 
account when carrying out risk assessment on the herbicides in the aquatic 
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environment. Moreover, the water chemistry (e.g. hardness and pH) may exert some 
modifying effects on the toxicity of the herbicide, since Roundup® toxicity was also 
shown to be changed by factors such as pH and suspended sediment concentrations 
(Folmar et al., 1979; Hartman and Martin, 1984; Chapter 2 of this thesis). 
3.4.3 Route of exposure of herbicides in sediment to organisms 
In the sediment toxicity test, the concentration-response relationship generally 
followed the exposure via the porewater and nominal concentration in sediment, 
rather than the exposure via overlying water. This suggests that the major route of 
exposure of the contaminated sediment in this experiment is via porewater, although 
it is not necessarily the primary route (Di Toro et al., 1991). Porewater as a probable 
route of exposure in sediment is also indicated by past whole sediment toxicity tests 
(e.g. Ankley et al., 1994; Cano et al., 1996), which demonstrated close proximity 
between lethal concentration in water-only tests and concentration of toxicants in 
porewater. Overlying water should not be the major route of exposure; survival of//. 
azteca exposed to contaminated sediment was < 63% but > 88% to overlying water 
only (Ingersoll et al., 2000). 
However, the route of exposure also depends on the properties of the chemicals 
and sediment as well as the feeding behavior of the organisms. For example, 
oligochaete Lumbriculus variegates ingests sediment particles directly; consequently 
the oligochaete is exposed to chemicals in the overlying water, porewater and 
sediment simultaneously. 
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3.4.4 Sediment toxicity of glyphosate-based formulations 
In this study, the reference sediment was a topsoil which was shown to be 
relatively clean, with 90-100% survival of C. dubia in porewater prepared from 
control sediments (i.e. no chemicals added) and relatively low levels of heavy metals 
(Table 3.1). It is suitable for the spiking experiment because it eliminates the 
possibility of considerable effect of other toxicants on the spiked chemicals. In 
addition, the soil used was able to adsorb glyphosate considerably, with adsorbed 
amount of 133 m g AE/kg following 24 hours of shaking with 5 m g AE/L of IPA salt 
of glyphosate (initial concentration). 
When comparing the toxicity of the three glyphosate-based formulations, both 
Roundup® and Roundup® Biactive exhibited enhancing toxicities in water-only and 
sediment tests (Table 3.5). Roundup® and Roundup® Biactive were 5-73 and 10-40 
times as toxic as Rodeo® in the sediment tests, respectively. These variations in 
toxicity between formulations could be attributed to the presence of different 
surfactants while the difference between water-only and sediment tests was largely 
due to the different sorption ability of surfactants in Roundup® and Roundup® 
Biactive to the sediment. 
Table 3.5 Comparison of sediment toxicity tests with the three glyphosate-based 
formulations. 
Chemicals Organisms Duration LCSOs References 
(h) (mg AE/kg) 
Rodeo® Crassostrea % 3,988 Kubena, 1998 
gigas 
Eohaustorius 96 13,368 Kubena, 1998 
estuaries 
Roundup® C. dubia 48 244 Present study 
Roundup® Biactive C. dubia 48 340 Present study 
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The lethal concentrations in sediment for Roundup® Biactive and Roundup® 
were comparable with other types of surfactant and organics spiked into sediments 
with similar organic carbon contents. Cano et al (1996) reported 48-h LC50s of 
highly branched alkylbenzene sulfonate to H. azteca to be 149 to 229 mg/kg at < 1% 
organic carbon; while Call et al (2001) determined the 10-d LC50 of a phthalate 
ester (din-n-butyl phthalate) to H. azteca and C. tentans which ranged from 826 to > 
71,900 mg/kg at organic carbon of 2.45 to 14.1%. However, pesticides like 
insecticides are much more toxic than Roundup® Biactive and Roundup®, having 
lethal concentrations in sediment at much lower concentrations. Ten-day LC50 of 
chlorpyrifos to C. tentans was found to range from 299 to 468 jug/kg for two spiked 
natural sediments (Ankley et al.’ 1994) while 10-d LC50 of cypermethrin to H. 
azteca was calculated to be 3.6 j^ g/kg at 1% organic carbon (Maund et al., 2002). 
Therefore, the lethal concentrations in sediment are mainly determined by the 
intrinsic toxicity and the sorption properties of the chemicals, because the poorly 
sorptive chemicals will mostly remain in the porewater and thus become acutely 
toxic to benthic organisms at a much lower nominal concentration spiked into 
sediment than the adsorptive chemicals. Nonetheless, Roundup® Biactive seems 
much less sorptive than Roundup® (at 0 % organic carbon) when comparing the 
results of the water-only and sediment toxicity tests. 
It should be noted that the actual amounts of toxicants spiked into sediment is 
usually lower than the nominal concentration in spiked sediment bioassay (Barber et 
al., 1997). Therefore, the present experiment may "underestimate" the sediment 
toxicity of the herbicides since glyphosate and surfactants (especially POEA) are 
biodegradable and adsorptive, and therefore some of the chemicals may degrade to 
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metabolites and adsorb to glass containers during the course of chemical equilibrium, 
therefore reducing the overall concentration in water and sediment. 
3.4.5 Effect of organic carbon on partitioning and toxicity 
Sorption of glyphosate was shown to be related to the soil organic carbon in the 
present study, although organic carbon is not the only factor affecting the partitioning 
of glyphosate between water and sediment. Morillo et al (2000) studied the 
adsorption of glyphosate on three soils of different properties. Each soil type 
differed in terms of organic matter (OM), cation exchange capacity (CEC), 
amorphous Fe and Al content. One soil type with very low amorphous Fe and Al 
content, adsorbed very little glyphosate after 24 h equilibration. It was found that 
glyphosate adsorption was strongly related to the amount of amorphous Fe and Al in 
the soil。 However, increase in soil organic carbon decreased adsorption of 
glyphosate by some Western Australian soils, but glyphosate was mainly adsorbed 
by clay minerals (Gerritse et al., 1996) and its adsorption was found to depend on the 
pH of the system (Morillo et al., 1997). 
The sediment toxicity of Roundup®, rather than Roundup® Biactive, was shown 
to be significantly influenced by sediment organic carbon. This may imply that 
partitioning of P O E A is affected by the organic carbon while the undisclosed 
surfactant in Roundup® Biactive is not. Nevertheless, the partitioning of many 
organic chemicals were subject to the effect of sediment or soil organic carbon 
(Ankley et al., 1994; Orth et al., 1995; Cano et al., 1996; Westall et al., 1999). On 
the contrary, some organics such as alcohol ethoxylate were not affected by organic 
carbon (Cano and Dom. 1996). Partitioning of alcohol ethoxylate was found to be 
controlled by the clay content of the sediment. Sorption of an anionic surfactant was 
60 
well related to the C E C of the sediment (Di Toro et al., 1990). Therefore, other 
factors may be involved in affecting the sorption behavior of the undisclosed 
surfactant in Roundup® Biactive. 
The effect of increasing sediment organic carbon did not produce substantial 
increase of D O C in the overlying water and porewater. This should not considerably 
affect the partitioning of test chemicals in the water because the effect of D O C in 
affecting the partitioning of an anionic surfactant was negligible at concentration less 
than 100 mg/L (Cano et al., 1996). 
Only one variable was manipulated (i.e. organic carbon) in the present 
experiment. Also, the equilibrium partitioning (EqP) model is not a good model for 
estimating the toxicity if more than one variable are changed. However, since the 
surfactants in this experiment was not quantified directly, it is not known whether 
EqP approach is appropriate to predict the toxicity and bioavailability of surfactants 
in Roundup® and Roundup® Biactive. 
3.5 CONCLUSIONS 
H. azteca was more sensitive than C. dubia to the herbicides tested in the 
water-only toxicity tests. Roundup® was significantly more toxic than Roundup® 
Biactive and Rodeo®, which is attributed to the toxic P O E A surfactant. In the 
sediment test, surfactant in Roundup® seems to be more adsorptive than that of 
Roundup® Biactive to the sediment, which results in the similar toxicity of 
Roundup® Biactive and Roundup® in the sediment in this study. Also, partitioning 
of glyphosate and P O E A between porewater and sediment seemed to be controlled 
by sediment organic carbon. 
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Nevertheless, the lethal concentrations in both water and sediment far exceeded 
the environmental concentrations of these chemicals, so very little acute effect is 
expected to occur in the environment. Further research should employ multiple 
benthic test organisms, endpoints (especially sublethal effects) and sediment types in 
sediment spiking studies (Hoke et al., 1995) in order to elucidate the key controlling 
factors on the bioavailability and toxicity of formulations based on glyphsoate and 
surfactants commonly used in commercial products. The use of radiolabeled 
surfactants are recommended to examine whether the EqP model works in predicting 
toxicity and bioavailability of the surfactants used in these products since analytical 
measurements may not be currently available for these surfactants. 
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CHAPTER 4 Joint Toxicity of Glyphosate and Several 
Selected Environmental Pollutants to Ceriodaphnia dubia 
4.1 INTRODUCTION 
In the aquatic environment, mixtures of pollutant usually occur together and 
exhibit joint toxicity to organisms. Such toxicity is under the influence of the 
combinations and concentrations of different chemicals occurring together. The 
toxicological response can be generally classified as “less than additive" 
(antagonistic), "additive" (not interactive) or ‘‘greater than additive" (synergistic) 
(Marking, 1985). Most studies on mixture toxicity focused on the toxicants of 
similar chemical nature or with similar mode of action (e.g. metallic combinations). 
It is generally accepted that dissimilar chemicals interact to result in lower toxicity 
than similar chemicals and synergism is the exception. However, recent reports 
indicated that some dissimilar chemicals, such as combination of atrazine and 
organophosphate insecticides (Pape-Lindstorm and Lydy, 1997) could produce 
synergistic responses. Apart from pesticide-pesticide combinations, the joint toxicity 
of pesticides and some environmental pollutants have also been investigated recently 
(e.g. Forget et aL, 1999; Van der Geest et al., 2000; Bailey et al, 2001). These may 
produce different combinations of toxicants, but these studies can provide important 
information on the combined effects of pollutants that may occur together in the real 
situation. This kind of information is essential to risk assessment of pesticides and/or 
other pollutants in the surface water since it is impossible to predict the combined 
effects of toxicants based on the toxicity of individual chemicals (Broderius, 1990). 
Glyphosate [N-(Phosphonomethyl)glycine] is a widely used herbicide in the 
world while Roundup® is the most well known formulation of glyphosate produced 
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by Monsanto Chemical Company. Though literature exists for the mixture toxicity 
of Roundup®/glyphosate and other pesticides (Kahru et al., 1996; Abdelghani et al, 
1997), information is lacking on the joint toxicity of Roundup® and other common 
pollutants (e.g. ammonia and copper) in water, the presence of which is common in 
many aquatic ecosystems receiving glyphosate application. Therefore, the first aim 
of this study was to study the joint interaction of Roundup® and several common 
environmental pollutants using standard 48-h Ceriodaphnia dubia toxicity tests. C 
dubia was chosen because it is an important link in the aquatic food chains (Norberg 
and Mount, 1985), a commonly tested organism as recommended by the United 
States Environmental Protection Agency (USEPA, 1993) and frequently employed in 
joint toxicity experiments (Bailey et al., 1997; Bailey et al., 2001). Toxic unit (TU) 
approach (Marking, 1985) was employed to study the joint toxicity of chemicals 
because it is simple and easy to use. The toxicants studied for the first experiment 
included ammonia, boron and several heavy metals [Cd (II), Cr (VI), Cu (II), Pb (II), 
Ni (II), Se (IV) and Zn (II)]. 
Moreover, glyphosate has very unique environmental properties such as 
chelating with metals (Subramanian and Hoggard, 1988) and organic cations (Abate 
et al., 1999), which is due to the fact that glyphosate has three groups (amine, 
carboxylate and phosphonate) which can strongly coordinate to cations, especially 
hard transition metals (Pearson, 1963). Like other ligands such as EDTA，glyphosate 
may greatly affect the overall bioavailability, toxicity and bioacumulation of trace 
metals when applied directly onto water and soil environment. Metal binding to 
ligand is generally believed to be non-toxic and/or not taken up by the organisms 
because free-ion activity model (FIAM) implies that toxicity of metals is a function 
of free ion concentration, rather than the total concentration (Morel, 1983). 
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Understanding the effect of glyphosate on the toxicity of trace metals is very 
important in order to know whether glyphosate is a potential ligand for trace metals 
in the aquatic environment. The second aim (i.e. the second experiment) was to 
examine the effect of glyphosate (as isopropylamine salt) at expected environmental 
concentration (EEC) on the acute toxicities of a number of heavy metals [Ag (I) and 
Hg (II) in addition to those tested in the first experiment] to C. dubia. These heavy 
metals were chosen because of their wide occurrence in the aquatic environment. 
The EEC was calculated by Peterson et al., (1994) and Perkins et al (2000) by 
assuming maximum application rate of glyphosate to 15 cm water. This experiment 
can provide a new insight on the roles of glyphosate in influencing the toxicities and 
bioavailability of trace metals in the aquatic ecosystem. 
4.2 MATERIALS AND METHODS 
4.2.1 Test organisms and toxicity tests 
Stock of C. dubia was maintained with 16L:8D cycle, at 25°C and fed daily 
with Selenastrum capricornutum and yeast-chow-trout mixture at the recommended 
rates (USEPA, 1993). The daphnids were reared in aerated reconstituted moderately 
hard water that was prepared by adding appropriate amounts of analytical-grade salts 
(CaS04, MgS04, NaHCOs and KCl) to Milli-Q® water. Forty-eight hour acute 
toxicity test with nenoates (< 24 h) of C. dubia was carried out according to the 
USEPA guidelines throughout the study. The test was static and non-renewal, and the 
organisms were not fed during the test. Test individuals were carefully introduced by 
disposable pipette into 50 m L of test solution in 100 m L borosilicate glass beaker. 
Generally, each test concentration consisted of 4 replicates in which 5 organisms 
were used in each replicate. Animal counting was performed at 24-h and 48-h for the 
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first experiment and 48-h only for the second experiment. Death of the animal was 
confirmed if there was no response to gentle agitation. The test was validated if the 
mortality of the water-only control did not exceed 10%. 
4.2.2 Test chemicals 
Roundup® and isopropylamine (IPA) salt of glyphosate were supplied by 
Monsanto Chemical Company. The selected toxicants and their original salt forms 
were NH4+ (NH4CI), B (H3BO3)，Ag (I) (AgNOs), Cd (II) (CdC^HzO)，Cr (VI) 
(K2Cr207), Cu (II) (CUCI2.2H2O)，Pb (II) (PbCl2)，Hg (II) (HgSCU), Ni (II) 
(NiCl2.6H20)，Se (IV) (Na203Se.5H20) and Zn (II) (ZnClz). All chemicals were 
analytical-grade and obtained either from Fluka (Buchs, Switzerland) or Riedel-de 
Haen (Seelze, Germany). Stock solutions of heavy metals were prepared by 
dissolving the salts in Milli-Q® water prior to toxicity testing. 
4.2.3 Experiment I: Joint acute toxicity of Roundup® and nine toxicants 
T U approach was used for this experiment (Marking, 1985). It was based on 
the LC50 estimates with individual chemicals in the mixture, which were compared 
with the LC50 values obtained from the tests on individual chemicals. In this case, 
1.0 T U was regarded as equivalent to the LC50 of an individual chemical when 
tested alone. That is: 
TUA = LC50A(mix)/LC50A(aione) and TUB = LC50B(mix)/LC50B(aione) and 
T U 匪 = T U A + T U B 
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where T U A，T U B and TUMIX are toxic units of chemical A, chemical B and the binary 
mixture of A and B, respectively. LC50A(mix) and LC50B(mix) are the LC50s of A and 
B in the binary mixture while LC50A(aione) and LC50B(aione) are the LC50s of A and B 
when tested alone. 
The assignment of joint toxic effect was based on Broderius et al (1995); 
TUmix values equal to 1 土 0.2 were defined as additive toxicity, whereas TUmix of < 
0.8 and > 1.2 were regarded as "greater than additive" and “less than additive" 
toxicity, respectively. In this experiment, the test toxicants included N H / , B, Cd, Cr, 
Cu, Pb, Ni, Se and Zn; the tests for individual chemicals were performed in duplicate 
to obtain a better estimate of "true LC50". The joint toxicity tests were conducted 
once with a negative control and 5 to 6 concentrations, i.e. control, SO.5 TU, E0.75 
TU, Sl.O TU, E1.5 TU, Z 2。0TU and E2.5 TU. For example, LC50 of chemical A 
was 10 mg/L while that of B was 20 mg/L. The test concentrations (A/B) were 
2.5/5.0 (SO.S TU), 3.75/7.5 (S0.75 TU), 5.0/10 (El.O TU), 7.5/15 (Sl.S TU), 10/20 
(Z2.0 TU) and 12.5/25 mg/L (S2.5 TU). Roundup® and a toxicant were mixed for 30 
minutes at the desired concentrations before the tests. 
4.2.4 Experiment II: Effect of IPA salt of glyphosate alone at EEC on toxicities 
of heavy metals 
Basically, there were four parts in this experiment. All the toxicity tests were 
done in duplicate, and the reported values were averages of duplicate. 
Part L The presence of IPA salt of glyphosate alone at 2.88 m g AE/L (EEC) 
was examined in combination of a number of heavy metals (Ag, Cd, Cr, Cu, Pb, Hg, 
Ni, Se and Zn) at their "observed" 48-h LCI00s which was derived either from 
Experiment I or preliminary experiments (Table 4.1), one metal was tested in 
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combination with glyphosate at a time. For each metal-glyphosate combination, 
there were four treatments with 10 replicates each, which included (1) water-only 
control, (2) IPA salt of glyphosate at 2.88 m g AE/L, (3) metal alone at its "observed" 
48-h LCI00 and (4) mixture of metal at its "observed" 48-h LCI00 and IPA salt of 
glyphosate at 2.88 m g AE/L. Each replicate contained five < 24 h nenoates. The 
metal-glyphosate mixtures were mixed by a magnetic stirrer for 30 minutes at room 
temperature. 
Table 4.1 "Observed" values of 48-h LCI00 of individual chemicals used in 
Experiment 11. 
“Observed” 48-h LCI00s 
Metals — 
^ ^  
"Ag — ^ 0.00056 (or 0.56nM) 
Cd 150 1.33 
Cu 11.6 0.18 
Cr (VI) 224 4.31 
Hg 20 0.10 
Ni 117 1.99 
Pb 2,436 11.8 
Se (IV) 1,600 20.3 
Zn 324 4.95 
Part 11. The effect of different concentrations of glyphosate on metal toxicity 
was assessed. Various concentrations of glyphosate (0, 0.20, 0.40, 0.79，1.6, 3.2, 6.3 
and 12.6 jiM acid equivalent) were chosen to study the effect of glyphosate on Ni 
toxicity, using the same toxicological methods as in Part L 
Part III. The stirring time of metal-glyphosate mixtures was studied for Cd 
because Cd showed about 50% toxicity reduction by glyphosate in Part I. Time 
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spans for stirring included 0, 0.5，1，8 and 24 h. This examined whether prolonged 
mixing affected the toxicological interaction of glyphosate and Cd in the water。 
Part IV. Ammonium sulphate [AMS or (NH4)2S04] has been reported to be 
I ^ I  
able to reduce metal-glyphosate complexation (e.g. C a， M g ) in water (Thelen et 
al., 1995) and hence increase the herbicidal activity of glyphosate (i.e. increase of 
glyphosate free ions). The effect of 1 m g NH4/L of A M S on the final toxicity of Cu-
glyphosate mixtures was investigated. Cu-glyphosate was chosen because this 
mixture was found to be significantly less toxic to C. dubia than Cu alone in Part 1. 
4.2.5 Basic water properties and chemical analyses 
pH, conductivity, dissolved organic carbon, hardness and alkalinity of the test 
water were determined according to standard methods (APHA, 1995). Total 
ammonia concentration spiked into test water was measured by an automated ion 
analyzer (Skalar，Breda, Netherlands). B and heavy metals (except Hg) were 
determined for their spiked concentrations in the test waters by ICP-AES (Thermal 
Jarrell Ash, Franklin, M A , USA), using Merck multi-element standards diluted with 
Milli-Q® water, Glyphosate (as IPA salt) was spiked onto the test water and 
measured according to the methods developed by Miles et al (1986), using a 
Hewlett-Packard H P L C Series 1100 equipped with spectrofluorometric detector 
(^ .excitation = 270iim and X^emmission = 315nm). A linear range (r^  - 1) of standard 
calibration was obtained over the concentrations of 0.1 to 5.0 m g AE/L. The degree 
of complexation of glyphosate and heavy metals/other toxicants tested was not 
quantified in the present study. 
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4.2.6 Statistical analyses 
In Experiment I, the LC50 (median acute lethal concentration) and 95% 
confidence interval of acute toxicity tests were calculated by the Trimmed Spearman-
Karber procedure (Hamilton et al., 1977). In Experiment II，student's t-test or one-
way analysis of variance ( A N O V A ) followed by Tukey's test (p=0.05) was used to 
assess any significant difference between means of treatments whenever appropriate. 
4.3 RESULTS 
4.3.1 General conditions and recovery for spiked chemicals 
Generally, the control mortality of all acute toxicity tests did not exceed the 
criterion of 10%, and therefore no correction was made for control mortality. The 
general properties of the reconstituted water and the recovery of spiked chemical 
concentrations are summarized in Table 4.2. Subsequent calculations were based on 
the nominal concentrations of glyphosate, NH4+，Ag, Cd, Hg and Se and recovery-
corrected concentrations of B, Cu, Cr, Pb, Ni and Zn. 
Table 4.2 Physicochemical properties of test water and recovery of spiked chemicals. 
Water quality Range Chemical recovery Range (%) 
7.96-8.18 Glyphosate 99.3-101 
Conductivity 291-295 |LiS/cm NH4+ 101—104 
D O C 3.72-4.26 mg/L B 111-111 
Hardness 65.8-73.2 m g CaCOs/L Ag 95.9-96.9 








4.3.2 Experiment I: Joint acute toxicity of Roundup® and nine toxicants 
Among the nine chemicals tested (except Roundup®) with C. dubia (Table 4.3), 
the single-chemical toxicity based on 48-h LC50s was: B > NH4+ > Se > Pb > Zn > 
Cr ~ Cd > Ni > Cu (|ig/L basis). Pb and Ni were 6-fold and 8-fold more toxic at 48-
h than at 24-h, respectively. Other chemicals had similar 24-h and 48-h LC50 values. 
Generally, Roundup®, NH4+ and B had LC50s at mg/L levels while the heavy metals 
had LC50s at jag/L levels (48-h basis). The concentration-response curves for all 
chemicals tested singly were shown in Fig. 4.1; except Cr, all chemicals had different 
patterns from Roundup®, which indicated the dissimilar modes of action of these 
chemicals with Roundup® (i.e. the surfactant). Roundup® generally showed a 
threshold concentration beyond which a few number of concentrations had partial 
mortality occurring. 
Table 4.3 LC50s of Roundup® and nine individual chemicals to C. dubia. 
Chemicals Units 24-h L C 5 0 s S ^ 48-h L C 5 0 s S E 
Roundup® mgAE/L ^ O ^ ^ ^ 
NH4+ mg/L 42.4 5.65 26.0 1.75 
B mg/L 187 35.0 103 18.3 
Cd |Lig/L 210 16.5 104 10.2 
Cr jag/L 187 17.3 118 26.0 
Cu i^g/L 5.69b 0 5.78 0.30 
Pb i^g/L > 2,436' 0 376 77.3 
Ni l^ g/L 228b 0 28.3 0.88 
Se ng/L 973 70.5 713 72 
Zn ^g/L 198 8.10 149 8.51 
a SE = Standard error of 2 replicates, 
b Only one replicate of bioassay was counted at 24-h. 
c LC50s were greater than the highest concentration tested. 
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Fig. 4.1 Concentration-response curves of C. dubia after 48 h of exposure to the 
toxicants in Experiment I. X-axis (log-transformed) indicates the concentrations of 
heavy metals in jig/L, boron and total ammonia in mg/L and Roundup in m g AE/L. 
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Fig. 4.2 shows the sum of TUs of each component of the binary mixtures at 24-
h and 48-h. The overall order of joint toxicity with Roundup® was: B > NH4+〉Cr 〜 
Cd 〜Zn 〜Se〉Cu〉Ni〉Pb. Only binary mixture of boron and Roundup® (48-h 
LC50: TU=1.10 and 95% confidence interval = 0.97-1.28) showed “additive” 
toxicity, whereas the binary mixtures of other chemicals and Roundup® exhibited 
“less than additive" toxicity. The binary mixture of Pb and Roundup® was the least 
toxic with 48-h LC50 greater than T U of 2.5. 
* * * * * * * * * 
• • ** 圓 ' It 國 48-h 丨 l i i i 
N H / B Cd Cr Cu Pb Ni Se Zn 
Fig. 4.2 T U sum of binary mixtures of Roundup and nine chemicals (24-h and 48-h). 
Dotted lines showed values between TUs of 0.8 and 1.2 which indicate "additive" 
toxicity. Error bars represent 95% confidence interval of TU. * 95% C.I. cannot be 
calculated. ** LC50 cannot be determined at the highest concentration tested. 
4.3.3 Experiment II: Effect of IPA salt of glyphosate alone at EEC on toxicities 
of heavy metals 
Among all metal-glyphosate mixtures, those with Ag, Cd, Cr, Cu, Pb, Ni and 
Zn were significantly less toxic than their respective metal-alone treatments (Table 
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4.4). The percent mortality reduction for Ag-, Cd-, Cu-, Cr-, Hg-, Ni-, Pb-, Se-, Zn-
glyphosate mixtures were 90，48, 95, 56, 0，93, 83, 0 and 87 % , respectively. For Pb-
and Se-glyphosate mixtures, the concentrations of Pb (19.3 )LIM) and Se (20.26 J I M ) 
were greater than the EEC of glyphosate (i.e. 12.6 |LIM). Therefore, extra sets of 
experiment were carried out in which glyphosate was “in excess" and had a 
concentration of 25.2 |LIM, the results were also very close to glyphosate at 1 2 . 6 | I M 
(data not shown). 
Table 4.4 Mortality of C. dubia to various heavy metals with and without glyphosate. 
Mortality (%) 
Metals Metal a l o n e S E Metal + SE p 
(n 二 2) glyphosate (n = 2) 
~Ag 0 10 2 <0.001 * * * ^ 
Cd 100 0 "52 2 0.002 ** 
Cr 100 0 44.5 5.5 0.010 * 
Cu 100 0 5 3 <0.001 *** 
Pb 98 2 17 7 0.008 ** 
Hg 100 0 100 0 1.000 
Ni 94 2 7 5 0.004 ** 
Se 100 0 100 0 1.000 
Zn 92 8 12 6 0.015 * 
Note: * 二 0.01 < p < 0.05; ** = 0.001 < p < 0.01; *** = p < 0.001. 
The effect of different concentrations of glyphosate on the acute toxicity of Ni 
was statistically significant (p < 0.05) (Fig. 4.3). Glyphosate at 0, 0.2 and 0.4 [xM 
could not significantly reduce Ni toxicity to C. dubia, while glyphosate concentration 
> 0 . 7 9 |LIM significantly decreased the mortality of C . dubia. Prolonged mixing time 
of Cd and glyphosate could reduce Cd toxicity to C. dubia, with percent mortality of 
C. dubia of 100, 96，95，90, 79 and 82 for no glyphosate addition, after 0 h，0.5 h, 2 h, 
8 h and 24 h of mixing, respectively. However, the effect was not statistically 
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significant (p > 0.05) over different mixing time and the final mortality reduction 
was not pronounced (i.e. 18% only) at 8-h and 24-h of mixing. The addition of 1 m g 
NH4/L of ammonium sulphate (AMS) could not reduce the Cu toxicity (control and 
treatment also had 100% survival of C. dubia), which had the same effect as without 
A M S addition (i.e. 0-5% mortality). This may be due to the formation of CuSCU, 
with much less free Cu^ "^  available for toxic effect. 
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Fig. 4.3 The effect of different glyphosate concentrations on the toxic effects of Ni 
to C. dubia. Error bar = SE (n = 2). Treatments with the same letter are not 
significantly different (p > 0.05) according to the Tukey's test. 
4.4 DISCUSSION 
4.4.1 Interactions of Roundup® and other toxicants 
Roundup⑧ mainly contains two components — isopropylamine (IPA) salt of 
glyphosate and polyoxyethylene amine (POEA), and a trace amount (< 1 %) of 
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related organic acids of glyphosate (Franz et al., 1997). In every binary mixture 
between Roundup® and a toxicant, there are actually three components (i.e. 
glyphosate, P O E A and the toxicant). W e consider the interactions of surfactant and 
glyphosate as well as surfactant and toxicant first. In Roundup®, although the 
principal toxic agent is P O E A (Perkins et al., 2000; Chapter 2 of this thesis), rather 
than glyphosate itself. These two components may interact with each other in the 
formulation. In a study examining the joint toxicity of glyphosate and P O E A to 
Daphnia and several fish species (Servizi et al., 1987), combined toxicity of 
glyphosate and P O E A mixture was found to be “less than additive" than expected, 
which was based on a T U approach. It was concluded that glyphosate antagonized 
the toxicity of POEA. This should be taken into consideration because glyphosate 
may affect the toxicities of both the toxicants and POEA, while P O E A can also 
interact with the toxicants at the same time. It is speculated that the antagonism of 
glyphosate (anionic) and P O E A (cationic) is due to their opposite charges at neutral 
pH, which leads to the consequence that concentration of the free form of P O E A was 
lowered. 
In this study, B was shown to have no interaction with glyphosate and P O E A 
such that the mixture toxicity was additive. For Roundup® and Pb, the 48-h LC50 
was less than T U = 2.5, but Pb toxicity was reduced by 83% in the second 
experiment, which suggests that P O E A may contribute to part of the reduction of Pb 
toxicity. Also, P O E A may reduce the toxicity of Se because glyphosate alone did 
not reduce toxicity of Se. For the mixture toxicity of surfactants and heavy metals to 
organisms, only few reports existed in the literature (Pantani et al., 1990: Dennis et 
al., 1997). Non-ionic pluronic surfactants increased stress response of Cd, Hg, Cu, 
M n and Zn to a transgenic nematode by 1.5- to 4- folds while the surfactants were 
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present at sublethal concentration (i.e. 10 mg/L) (Dennis et al., 1997). They 
suggested that the surfactant facilitated metal entry into the tissue of the worm, as 
revealed by slightly higher bioaccumulation of Cd and Zn when compared to metal 
treatment without surfactant. Pantani et al (1990) reported no synergistic effect of 
binary mixtures of metals (Cu and Cd) and several types of surfactants, including 
anionic (sodium dodecylbenzenesulfonate) and ionic forms (Brij 30 and Triton x 100) 
to the freshwater amphipod, Gammarus italicus. They found "less than additive" 
responses for all copper and surfactant mixtures but additive responses for all Cd and 
surfactant mixtures. Such difference might be explained by the greater chelation 
power of Cu over Cd to the surfactants. It is postulated that Cd had independent 
toxic action with surfactant, thus resulting in additive effects. Nevertheless, it is 
extremely difficult and complicated to explain the results of mixture toxicity, 
because of the number of possible interactions between chemicals and organisms as 
well as chemicals and chemicals. These problems can only be solved through 
experimentation (Broderius et al., 1995). 
4.4.2 Joint toxicity of dissimilar chemicals 
Marking (1985) generally classified joint toxic response into three types — ‘‘les  
than additive" (antagonistic), "additive" (not interactive) or "greater than additive" 
(synergistic) toxicity. Apart from the T U approach, there are several methods in 
studying mixture toxicity, such as mixture toxicity indices (Konemann, 1981), 
isoboles (Broderius, 1990) and quantitative structure-activity relationships (Deneer et 
al., 1987). However, the terminology used is frequently confusing (Pape-lindstorm 
and Lydy, 1997; Forget et al., 1999). The approach used here is simple and mainly 
concerned with two models — concentration addition (or similar joint action) and 
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response addition (or independent joint action). Chemicals act independently but 
produce the same or very similar effects in the concentration addition model. In 
other words, chemicals act on the same or very similar receptor in living organisms 
and contribute to a common response in proportion to their individual toxicities 
(Broderius et al., 1995). However, in response addition, the chemicals have 
dissimilar modes of action and act on different (or the same) receptors of the 
organism; each chemical does not interact with one another but contribute to a 
common response if the concentration reaches or exceeds a tolerance threshold for an 
individual organism. 
In this experiment the response addition model should be more appropriate 
because Roundup® should have different modes of action with those of ammonia, 
metals and metalloids (Fig. 4.1). Nevertheless, glyphosate may interact with metals 
in the water, rather than at the receptor site of the organisms; therefore this may 
violate the rule of response addition (i.e. chemicals act independently). Marking 
(1985) pointed out that mixture toxicity studies were generally concerned with the 
interactions between chemicals and physiological systems within the organism, 
rather than the interactions between chemicals, which contrasts the experimental 
system in this study. Because glyphosate can interact with the toxicants (e.g. metals) 
in the water, rather than at the site of physiological receptor. 
Moreover, it is generally accepted that the response of organism towards 
mixture toxicity of dissimilar chemicals is either additive or less than additive. Some 
recent studies, however, reported the exception - synergism, such as the combined 
effect of atrazine and organophosphate insecticides to Chironomus tentaus (Pape-
Lindstorm and Lydy, 1997). From the results of the present study, no synergism was 
found for Roundup® and other toxicants, which agree with the majority of studies on 
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dissimilar chemicals (Broderius, 1990; Broderius et al., 1995). Moreover, most 
mixture toxicity studies focused on similar chemicals and thus this study provides an 
examination of joint toxicity of dissimilar chemicals, of which these chemicals 
(herbicides, surfactant, ammonia, metalloids and metals) frequently occur together in 
the freshwater and even estuarine ecosystems. In addition, recent research has 
shown that the joint toxicity of dissimilar chemicals may still exist in terms of 
sublethal effects such as inhibition of acetylcholinesterase (AChE) activity (Forget et 
al., 1999), while Van der Geest et al (2000) have demonstrated that dissimilar 
chemicals produced less than additive toxicity in various effect levels, ranging from 
EC 10 to EC90. Therefore, we should take these into consideration when only the 
lethal effects are studied in mixture toxicity experiment and more research is needed 
on the sublethal effects and different effect levels in mixture toxicity of chemicals. 
4.4.3 Complexation of glyphosate with metals 
The present study showed that the joint acute toxicities of Roundup® and other 
chemicals were “less than additive", with the exception of B. Se and Roundup® 
mixtures showed 95% confidence interval of 48-h LC50 to be 1.14 to 2.24 TU, thus 
the lowest limit is close to 1.0 B and Se are present as anionic forms in the water and 
will not form strong complexes with negatively charged glyphosate free ions. NH4+ 
and glyphosate mixtures exhibited 95% confidence interval of 48-h LC50 to be 1.10 
to 1.81 TU, with the lowest limit closed to 1.0. This may show the relatively weak 
complexation of glyphosate and NH4+. Only Pb and glyphosate mixtures showed no 
toxic effect after 48 h. It has been well documented that the herbicidal effect of 
glyphosate was reduced by polyvalent cations in hard water (Hall et al., 2000), which 
is due to the formation of insoluble metal complexes of glyphosate (Subramanian 
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and Hoggard, 1988) and thus reduces the bioavailability of glyphosate. This simple 
mechanism should be responsible for the toxicity reduction of Cd, Cr, Cu, Ni, Pb and 
Zn by Roundup® observed in this study. 
However, in the second experiment it was demonstrated that addition of 
glyphosate at EEC significantly reduced the toxicities of heavy metals, except Hg 
and Se. Solubility products (Ksp) of the complexes (i.e. glyphosate and cations) 
formed in the water determines the degree of free glyphosate in the water (Sundaram 
and Sundaram, 1997). Glyphosate complexes with Mg, Ca, Mn，Zn, Cu and Fe (III) 
with different Ksp, Fe (III) being the most stable or least soluble complex with 
glyphosate. Cu and Zn-glyphosate complexes were several orders of magnitude 
more stable than those of Mg, Ca and Mn. Consequently, the complexes had 
different inhibition effects on tomato plants immersed in solutions of glyphosate and 
various metals. The higher Ksp values of the complexes, the higher concentration of 
free glyphosate and free cations present in the solutions and hence higher 
inhibitive/herbicidal effect. Different from glyphosate, insecticides such as 
dichlorvos, malathion and carbofuran resulted in synergistic toxic effects to marine 
copepod Tigriopus brevicornis in combination of heavy metals (As, Cd and Cu). 
The most toxic combination was Cd and dichlorvos with 96-h LC50 = 0.12 T U 
(Forget et al, 1999), 
Morillo et al (1997) used a computer model to simulate the formation of 
glyphosate-Cu (II) complexes, with several speciations: Cu^^. G^', CuG", CuG〗 -^, 
CuHG, GH2-, GH2' and G H 3 . There was formation of 1:1 of C u H G : CuG" and the 
concentration of free Cu ion increased with total Cu concentration. If only free ions 
are expected to be toxic as the free ion activity model implies (Morel, 1983), the 
majority of free metal ions (except Hg and Se) in this experiment should be chelated 
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by glyphosate ions to form different species, leaving trace amount of toxic free ions. 
Such trace amount may not be acutely toxic. 
Moreover，pH is an important factor in determining the speciation of 
glyphosate. For example, G H _ is the predominant species at pH 6.8 while GH2' is at 
pH 4.2. Since the formation of complex formation generally increases with (negative) 
charge on ligand, it is expected that glyphosate may have higher ability to form 
complexes with metals (Margemm et al., 1978) and thus reduce their acute toxicities 
in non-acidic or neutral pH environment, e.g. common freshwater and estuarine 
systems. 
4.4.4 Bioavailability of metal-ligand complexes and interactions between 
liquid/solid phases 
For metals, the speciation in water is mainly classified into two forms, 
particulate and dissolved. The particulate phase refers to chemical species in 
associations with other substances, e.g. detritus, suspended sediment; these 
associations can be from weak adsorption to strong binding. The dissolved phase 
refers to hydrated free metal ions, inorganic and organic complexes, and species 
associated with colloidal particles. The summation of these two forms equal to the 
total metal concentration in the water (Batley, 1989). Free ion activity model (FIAM) 
indicates that free metal ions are the major fractions to be toxic to or bioconcentrated 
by organisms (Morel, 1983). However, exceptions to FIAM have been reported 
recently. For example, the uptake of Cd by common carp (Cyprinus carpio) was 
higher in the presence of ligands (citrate, glycine and histidine but not for E D T A and 
nitrilotriacetic acid) than expected on the basis of the free Cd ion activity, which was 
probably due to the decreased protection of Ca and direct uptake of the complexes 
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of Cd with these low molecular weight and hydrophilic ligands by the fish (Ginneken 
et a l , 1999). 
The data for bioaccumulation of glyphosate in aquatic organism is relatively 
scarce (Wang et al., 1994), and available data indicated that glyphosate is not 
bioaccumulated by fish. Therefore, the potential for glyphosate-metal complexes to 
be bioaccumulated should be minimal, given that the molecular weight of glyphosate 
(169.09 for glyphosate acid and 228.19 for IPA salt of glyphosate) is higher than that 
of some organic ligands (e.g. glycine; molecular weight = 75.07). 
Several studies were carried out to examine the interactions of Cu (II) and 
glyphosate and their adsorption onto clay minerals and several types of soils (Morillo 
et al., 1997, 2000 and 2002). It was found that glyphosate-Cu complex had lower 
tendency to adsorb onto clay mineral montmorillonite, but higher tendency was 
observed for several European topsoils. Glyphosate adsorbed onto clay mineral was 
desorbed by the solution containing Cu (II) ions to form strong complexes in the 
solution (Morillo et al., 1997). Generally, these relationships were governed by the 
pH of the test solution since glyphosate has different speciation over different pH 
ranges; for example, glyphosate exists predominantly as GH2 “ at 4.2 but as G H ‘ at 
pH 6.8, Cu adsorption onto soils decreased with increasing glyphosate concentration 
(Morillo et al., 2002). Nevertheless, the results discussed above are based on very 
high concentrations of glyphosate (0 — 50 m g AE/L) and Cu (0 — 30 mg/L), which 
are not environmentally relevant concentrations for both glyphosate and Cu in the 
water. Possibly, glyphosate can complex and desorb sediment-bound heavy metals 
and eventually mobilize heavy metals from the solid phase to the solution. This may 
have important environmental implication of trace metal cycles in freshwater 
watershed. These results indicate that glyphosate in water and soil not only 
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partitions between liquid and solid phases, but also greatly influences the behavior of 
heavy metals such as Cu. However, glyphosate-Cu complex is the most well studied 
combination of metal and glyphosate, probably because of their well-known high 
stability/low solubility constants. Other metal-glyphosate mixtures may yield 
different results in the environment. 
4.5 CONCLUSIONS 
This study provides preliminary data on the toxicological interactions of 
glyphosate (and its formulation) and environmental toxicants in water, though the 
degree of complexation was not quantified through various kinds of analytical 
techniques. The results confirmed the ability of glyphosate in influencing the 
toxicity and possibly the biogeochemistry of certain trace metals in water. The 
interactions of Roundup® and several environmental pollutants were shown to be 
“less than additive" in most cases, where B shows "additive" toxicity with Roundup®. 
Addition of glyphosate alone could alter the toxicities of most of the heavy metals 
tested to C. dubia, but prolonged mixing of glyphosate and heavy metals (e.g. Cd) 
might increase the complexation of metal and glyphosate and thus reduced the 
overall toxicity. Whenever glyphosate concentration in water was higher enough to 
have complexation with the heavy metals, the acute toxicities of these heavy metals 
were eliminated. 
These results imply that the direct application of glyphosate-based formulations 
(e.g. Roundup® and Rodeo®) to metal-contaminated surface water may 
simultaneously result in a loss of herbicidal effects and reduction of acute/chronic 
toxicities of some heavy metals to aquatic organisms. Nevertheless, as the 
environmental concentrations of glyphosate and heavy metals are usually below the 
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acute levels (for example, at several micrograms per liter), the long-term influence of 
glyphosate on metal toxicity is a more possible scenario. Moreover, rapid sorption of 
glyphosate to sediment particles is well documented and, therefore, the study of 
interaction of glyphosate and heavy metal in the sediment phase is also important in 
understanding how the glyphosate-based herbicides affect the toxicities of heavy 
metals in the aquatic environment. 
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CHAPTER 5 Environmental Fate of Glyphosate and its 
Nontarget Impact: a Case Study in Hong Kong 
5.1 INTRODUCTION 
The Mai Po Marshes Nature Reserve is located at the northwestern New 
Territorites of Hong Kong (22。30，N and 114。02，E), on the eastern edge of Deep Bay 
which borders the Shenzhen Special Economic Zone, Guangdong province on the 
north (Fig. 5.1). It has a total area of 381 hectares and consists of 24 traditionally 
operated shrimp ponds (generally called gei wais). Apart from the reserve area, Mai 
Po Marshes consist of an extensive intertidal mudflats and freshwater fish ponds, 
which make up the largest remaining wetland area in Hong Kong. Mai Po is 
essential as a stopover for migratory birds from near-arctic to neotropical areas every 
year (Young, 1995). The aquatic organisms (e.g. shrimps and fishes) are important 
foods for the migratory birds while mangrove trees offer a roosting place for them in 
gei wais. 
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mmB•哪膽 Nature Reserve, Hong Kong. 
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In recent years, there were a number of aquatic weed problems in the reserve 
area which leads to several adverse consequences. For example, water channels in 
shrimp-growing ponds were narrowed by quick growth of reed (e.g. Phragmites sp.) 
and the size of different freshwater ponds were reduced due to the proliferation of 
aquatic macrophytes. These situations may eventually decrease the productivity and 
biodiversity of the systems. Several studies were carried out to solve the weed 
problems in Mai Po Marshes (Reels, 1994; Lok, 1995); the methods included 
applying herbicide, fire, cutting and grazing. However, herbicide was found to be 
the most effective approach. The management authority, World Wide Fund for 
Nature of Hong Kong (WWFHK), is using Roundup® (Monsanto Co.，St. Louis, M O , 
USA) to control various kinds of weeds in the reserve area. 
There were extensive studies on the environmental fate of glyphosate-based 
formulations applied to the aquatic environment (see Chapter 1). However, these 
studies were mainly conducted at temperate regions but not on tropical/subtropical 
ecosystems. Moreover, most of the studies applied herbicides aerially either by 
aircraft or helicopter (e.g. Goldsborough and Brown, 1993; Newton et al., 1994). 
These might produce situations which were very different from Mai Po (i.e. 
subtropical region and hand-held sprayer). Gardner and Grue (1996) applied Rodeo® 
(IPA salt of glyphosate only) by hand-held sprayer to control purple loosestrife 
(Lythrum salicaria) in wetlands of Washington State, USA. However, their study 
mainly concerned with the aquatic non-target impact instead of the environmental 
monitoring of glyphosate; only data on immediate concentrations following herbicide 
application were reported. On the other hand, there was a preliminary study on the 
local use of glyphosate (Rodeo®) which confirmed its effectiveness in controlling 
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Phragmites sp. in the Mai Po Marshes (Lok，1995), but no information was given on 
the environmental fate and in-situ hazard of the herbicide. 
The objectives of this study were 1) to provide information on the 
environmental concentrations of glyphosate and its metabolite (aminomethyl-
phosphonic acid or A M P A) following normal application of Roundup® herbicide in 
two different aquatic systems (i.e. estuarine and freshwater) in the Mai Po Marshes 
Nature Reserve, and 2) to assess the hazard of Roundup® herbicide on aquatic 
organisms (e.g. fish) using in-situ bioassays. The latter was conducted to examine 
the impact of surfactant of Roundup® (polyoxyethylene amine or POEA) since there 
is currently no validated method of measuring P O E A in environmental samples. 
This information is useful in setting strategies for managing the wetland. 
5.2 MATERIALS AND METHODS 
5.2.1 Description of study sites 
There were two study sites at the Mai Po Marshes Nature Reserve (Fig. 5.2). 
The first site was an estuarine enclosure (or gei wai). Only a portion of the whole gei 
wai (# 10) was studied. This portion had an area of 115 x 144 m^ and was the 
seaward part of the gei wai (i.e. toward Deep Bay). The central platform comprised 
mainly of Phragmites sp.. The sluice gate in the seaward side allows the exchange 
of pond water with outside water drained from Deep Bay about once a month which 
is operated by W W F H K ; consequently the water inside was a brackish water with 
salinity being higher in winter and less in summer (Lau and Chu, 1999a). The sluice 
gate was closed during the experimental period. The second site was a freshwater 
pond, again only a portion (estimated area of 60 x 20 m^) of the pond was studied 
because the predominant northeastern wind in winter was expected to bring the 
87 
water-borne herbicide to this portion (i.e. the herbicides applied should not be 
dispersed to other non-sampling points). There were different kinds of emergent 
marcophytes growing along the side of the pond. 
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Fig. 5.2 Location of the two study sites at the Mai Po Marshes Nature Reserve. 
5.2.2 Physicochemical characteristics of different matrices 
Water and sediment samples were collected from the two study sites one week 
before the actual treatments, and characterized for their physicochemical properties. 
Sediments were extracted with 1:2.5 (w/v) distilled water for pH and conductivity 
measurements. pH and conductivity were measured with a pH-meter (Orion Model 
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920A; Boston, M A , USA) and a conductivity-meter (Orion model 142; Boston, M A , 
USA), respectively. Salinity of water was measured by the conductivity-meter. 
Total solids (TS) and total suspended solids (TSS) of water samples were determined 
by oven-drying at 105®C for 24 h and filtration method, respectively (APHA, 1995). 
Total organic carbon (TOC) of sediment samples and T O C & dissolved organic 
carbon (DOC) of water samples were determined by a T O C analyzer (Shimadzuk, 
Kyoto, Japan). Inductively coupled plasma-atomic emission spectroscopy (Thermal 
Jarrell Ash, Franklin, M A , USA) was used to analyze the total & soluble metal 
contents in sediment samples and dissolved metal concentrations in water samples 
(after filtration through 0.45 |Lim Millipore® membrane). The sediment samples were 
digested with mixed acid 4:1 conc. H2SO4： cone. H N O 3 for total metal contents and 
extracted with 1:5 (w/v) of distilled water at 180 rpm for 1 h for soluble metal 
contents. 
5.2.3 Continuous weather monitoring 
Weather was continuously monitored from one day before the treatment to two 
weeks post-treatment by a GroWeather'^^ on-site weather station (Davis Instruments, 
Hayward, CA, USA). Recorded parameters included surface and bottom temperature 
of water, wind speed and direction, sunlight intensity and rainfall. The data were 
recorded at 1-h intervals. 
5.2.4 Herbicide applications 
Four hundreds m L of Roundup® concentrate was diluted with tap water to 20 L 
(1:50 v/v) prior to applications. The calculated concentration of glyphosate in the 
tank mix was 7.2 g AE/L. The workers of W W F H K sprayed the leaves until wet by 
89 
a hand-held sprayer. The total amount of tank mix applied was 20 and 40 L for the 
estuarine enclosure and freshwater pond, respectively. 
5.2.5 Experimental designs 
5.2.5.1 Estuarine enclosure experiment 
The location of the sampling points is shown in Fig. 5.3. Points PI and P2 
were included to detect the dispersal of applied herbicides by the predominant 
northeastern wind. At each sampling point, surface water (0-10 cm) was collected by 
a water sampler while surface sediment (0-5 cm) was collected by a P V C corer. 
Samples were collected in duplicate. Since the sluice gate was closed during the 
experiment, there was no exchange of water inside the gei wai the water channel 
outside. In-situ bioassays using fish fry of grey mullet (Mugil cephalus) were 
conducted at Points Al, A2, A3 and C (i.e. control). The fish were obtained from 
local fish farm and the original source was claimed to be Japan. Fish were contained 
in fish cages made of nylon and there were 10 fish per cage and two cages at each 
point. The fish were acclimated for 1 day before the test and the fish was counted 24 
h post-treatment with mortality as the endpoint. The total body length was 3.13 cm 
(SD ± 1.9 cm; n 二 10) and dry weight was 0.057 g (SD 土 0.011 g; n = 10)，which 
conformed with the criterion that the largest fish was not more than double the length 
of the smallest fish (ASTM, 1994b). The in-situ dissolved oxygen was measured 
using a Checkmate water meter (Coming, New York，NY, USA) and found to be 
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Fig. 5.3 The sampling points (A, B，P and C) and points for in-situ bioassay (A 
and C). Dotted area is the region of herbicide application. 
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5.2.5.2 Freshwater pond experiment 
The location of the sampling points is shown in Fig. 5.4. Each point from 
Points 1 to 5 was separated by 20 m while Point 6 was a control point and was more 
than 100 m away from the treated areas. At each point, surface water (0-10 cm) was 
collected by a water sampler while surface sediment (0-5 cm) was collected by a 
P V C corer. Samples were collected in duplicate. In-situ bioassays using fish fry of 
mud carp {Cirrhinus molitorelld) were conducted at Points 1，3, 5 and 6 (control). 
The fish were purchased from a local market. Fish were contained in fish cages 
made of nylon and there were 7 fish per cage and two cages at each point. The fish 
were acclimated for 1 day before the test and counted at 1, 3, 7 and 31 d post-
treatment with mortality as the endpoint. The total body length was 6.8 cm (SD 士 
0.5 cm; n = 7) and dry weight was 0.82 g (SD 土 0.35 g; n = 7), which also conformed 
with the criterion of A S T M (ASTM，1994b). The in-situ dissolved oxygen was 
measured using a Checkmate water meter (Coming, New York, N Y , USA) and 
found to be generally more than 70% of saturation (surface water). 
5.2.6 Schedule of sample collection and sample storage 
Samples were collected within 1 week before the treatment to detect the 
background concentration, within 2 hours and at day 1，3, 7, 14 and 28 after the 
treatment. Due to practical limitations, some sampling were not done according to 
the above schedule. Sediment samples were kept in plastic bags while water samples 
were kept in polyethylene bottles which was pre-rinsed with diluted hydrochloric 
acid and distilled water. Samples were transported to the laboratory at -4°C within 4 
hours and stored at -20°C until analysis. 
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Fig. 5.4 The sampling points (1-6) and points for in-situ bioassay (1, 3, 5 and 6). 
Dotted area is the region of herbicide application. 
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5.2.7 Sample preparation 
5.2.7.1 Water samples 
® 
One hundred m L of water sample was filtered through 0.45 jj,m Millipore 
filter membrane. The filtered fraction was regarded as “dissolved fraction". One m L 
of O.IM KH2PO4 was added to 100 m L of filtered water sample (Miles et al” 1986), 
the mixture was concentrated to near-dryness by a rotary evaporator (Biichi, Flawil, 
Switzerland). Ten m L of Milli-Q® water was then added to redissolve the residue 
(i.e. 10 X concentration), which was stored at -20°C until analysis. 
5.2.7.2 Sediment samples 
The sediment samples were freeze-dried, ground and sieved through a 2 m m 
standard sieve. Six g of dried sample was extracted with 30 m L of 0.2M K O H 
(Miles and Moye, 1988) by shaking the slurry for 15 min at 200 rpm. The mixture 
was centrifuged at 5,000 rpm for 20 min. The supernatant was filtered through 
Whatman® glass-fiber filter and then 0.45 )Lim Millipore® filter membrane. The 
extraction procedure was repeated two more times. The combined 90 m L extract 
was concentrated to near dryness by rotary evaporator and the residue was 
redissolved in 10 m L of Milli-Q® water. The concentrated extracts were stored at -
20°C until analysis. Only glyphoste was quantified in the sediment samples because 
the peaks of glyphosate and A M P A overlapped. This was due to the excess of 
reagents (e.g. F M O C ) and/or interference in the samples. Such difficulty in 
measuring A M P A in solid samples was also reported by other studies (Sancho et al., 
1996; Veiga et al,20Ql). 
94 
5.2.8 Sample determination 
5.2.8.1 Pre-column derivatization 
Pre-column derivatization was carried out as described by Miles et al. (1986) in 
which 0.9 m L borate buffer, 0.9 m L HPLC grade acetone and 0.1 m L 9-
fluorenylmethyl chloroformate (FMOC) in acetone were added to 0.1 m L 
concentrated extract in a glass tube. The mixture was shaken and allowed to stand 
for 20 min at room temperature. The excessive reagents were then removed by three 
1 m L washes of diethyl ether. The samples were analyzed within 8 h。 It was 
necessary to neutralize the alkaline sediment extracts due to K O H using HCl before 
derivatization because the optimum pH for the reaction was 9 and borate buffer can 
act properly only between pH 5 and 9 (Sancho et al, 1996; Veiga et al, 2001). 
5.2.8.2 High performance liquid chromatography analyses 
A Hewlett-Packard Series 1100 HPLC was equipped with a Hypersil® anion 
exchange column of 250 x 0.46 m m , 5 jam particle size and in NH2 form (Alltech, 
Deerfield, IL, USA). The mobile phase was comprised of 0.05M KH2PO4 (pH 6 
with K O H ) and H P L C grade acetonnitrile in a ratio of 3:1 (v/v). The flow rate was 
1.0 mL/min while the spectrofluorometric detector was set at excitation and emission 
wavelengths of 270 and 315 nm, respectively (Miles et aL, 1986). A M P A was 
always found to elute first, followed by glyphosate. 
5.2.8.3 Calibration of glyphosate and AMPA 
Standards of glyphosate (Roundup®) and A M P A (Fluka, Buchs, Switzerland) 
were prepared over the range of 0.1 to 5.0 m g AE/L in Milli-Q® water. The linear 
regression equations and correlation coefficients are shown in Table 5.1. 
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Table 5.1 Calibration equations for glyphosate and A M P A。 
Chemical Calibration equation r 
Glyphosate y = 1210.9x - 38.767 1 
A M P A y = 1684.7X + 234.91 0.9967 
5.2.8.4 Recovery of glyphosate in spiked samples 
Pre-treated waters and sediments were spiked with Roundup® at several 
concentrations. The samples were then prepared and glyphosate & A M P A were 
determined by H P L C as described before. Recovery-corrected concentrations were 
used for all subsequent calculations. 
5.2.9 Statistical analyses 
Concentrations below the detection limits for each matrix were assigned a 
value equal to the half of the detection limits (Paveglio et aL, 1996). The in-situ 
effect of Roundup® on the test organisms was examined by comparing the survival 
rate at control points with those at the herbicide-treated points. The data were 
analyzed by non-parametric Mann-Whitney test and/or one-way A N O V A using 
SigmaStat 2.03 (SPSS, Chicago, IL, USA) whenever appropriate. 
5.3 RESULTS 
5.3.1 Site characteristics 
For the estuarine enclosure, the average depth of water was 22.4 cm, except for 
points PI and P2 which had an average depth of 46.5 cm as these two points were 
located in the water channel of the enclosure. For the freshwater pond, the average 
water depth was 61.2 cm, with Point 3 being the most shallow (40 cm). The 
physicochemical characteristics of the water and sediment are summarized in Table 
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5.2 and the chemical compositions in Table 5.3 (a) & (b). Generally, the sediments 
collected from both aquatic ponds were black in color, indicating the anoxic and 
reduced nature of the sediment (Lau and Chu, 1999b). Also, a previous study 
indicated that the sediments in the system consisted of 75.9% silt and clay (Lau and 
Chu, 1999b). The pH of waters of both sites ranged from 7.8 to 8.2. The salinity of 
waters from the estuarine enclosure was between freshwater and marine water (19.3 
ppt) while that of the freshwater pond was slightly saline (2.10 ppt). The suspended 
solid contents of both sites were similar, and these suspended fractions could be 
important sites for binding glyphosate in water. The organic carbon of the waters 
were mostly dissolved and the D O C of the water in the freshwater pond was about 5 
times higher than that of the estuarine enclosure. Both sites had sediments of neutral 
pH and similar T O C levels (2.39 to 3.11%). 
Table 5.2 Summary of physicochemical properties of surface water and sediment of 
the experimental ponds. 
Parameters Estuarine enclosure Freshwater pond 
Water 
pH 7.86 土 0.02 8.02 土 0.06 
Conductivity (mS/cm) 31.9 土 0.1 3.77 土 0.32 
Salinity (ppt) 19.3 ±0.03 2.10 ±0.20 
TS (g/L) 12.3 士 1.9 2.52 ±0.16 
TSS (mg/L) 55.8 土 8.8 35.0 ±19.5 
T O C (mg/L) 2.47 ±0.46 13.6 土 1。21 
D O C (mg/L) 2.37 土 0.17 11.0 ±0.46 
Sediment 
pH 6.02 ± 1.03 6.96 ±0.30 
Conductivity (mS/cm) 10.8 士 0.10 2.95 士 0.67 
T O C (%) 2.39 土 0.75 3.11 ±1.42 
Note: Values are reported as mean 土 SD (n=9 for estuarine enclosure & n=6 for 
freshwater pond). 
97 
The concentrations of metals such as Na and K were very high for the water of 
the estuarine enclosure, but these monovalent ions are only weakly complexed by 
glyphosate. However, the concentrations of strongly chelating metals such as Cu and 
Fe were relatively high in the water and sediment of the freshwater pond and 
therefore could affect the speciation of glyphosate (i.e. formation of metal-
glyphosate complexes). 
Table 5.3 (a) Chemical composition (mean 土 SD) of water and sediment of estuarine 
enclosure. 
Water Sediment 
Elements Dissolved content Total content Soluble content 
(per L) (per g) (per g)  
B mg 1.99 ±0.03 ND" N D 
Na m g 88.1 ± 3.18 3.24 土 0.07 3.36 ±0.003 
K mg 617 ±24.4 7.28 ± 0.38 2.78 ± 0.25 
M g mg 2.14 ±0.003 0.64 ±0.001 0.32 ±0.001 
Ca mg 4.41 土 0.001 0.41 土 0.001 0.21 土 0.001 
Mil Hg 253 士 26.7 200 ±13.1 25.2 ±22.7 
Fe i^g 22.4 ±2.71 314 ±0.68 34.8 ± 58.6 
Co lag 50.1 土 2.91 33.2 ± 3.06 2.09 ± 0.88 
Pb i^ g 258 土 14.2 72.3 ± 7.09 7.84 ±2.18 
Ni ‘ug 65.7 ± 3.83 27.4 土 0.85 2.63 ±0.91 
Cr 46.6 ±4.29 44.0 ± 2.95 2.59 ± 0.80 
Zn jig 27.7 ±2.15 49.8 ±43.8 1.95 ±2.58 
Cd lag 17.0 ± 0.98 2.58 ± 0.39 0.62 ± 0.22 
Cu i^g 2.02 ±2.51 25.3 土 2.22 1.66 ±0.49 
A g ) i g BDLb 0.40 土 0.44 1.79 ±0.45 
a N D = not determined, 
b B D L = below detection limit. 
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Table 5.3 (b) Chemical composition (mean 土 SD) of water and sediment of 
freshwater pond. 
Water Sediment  
Elements Dissolved content Total content Soluble content 
(per L) (per g) (per g)  
B m g 0.26 士 0.03 N D ND" 
Na m g 73.6 ±2.34 N D N D 
K m g 6.41 ±0.01 N D N D 
M g m g 28.1 ±2.11 N D N D 
Ca m g 4.10 土 0.006 N D N D 
M n |Lig 51.0 ±9.70 1000 32.1' 
Fe 450 士 42.3 3448 43,2 
Co 昭 BDLb 207 0.83 
Pb lag 34.1 ±4.25 466 5.98 
Ni 昭 41.0 ±6.17 155 1.36 
Cr |ig 29.1 ±6.87 229 2.04 
Zn jLig 1.76 士 3.43 591 0.54 
Cd jug 42.5 士 7.23 12.2 0.32 
Cu jag 41.9 士 5.80 113 1.18 
Ag 昭 10.3 ±1.39 B D L ^  
a N D = not determined, 
b B D L = below detection limit, 
c Value of single replicate was reported. 
5.3.2 Weather conditions during herbicide application 
The estuarine enclosure was treated in January 2002 while the freshwater pond 
was sprayed in March 2002. Glyphosate was applied at around 9-11 am for both 
sites and no rainfall occurred during and immediately after the application. For the 
estuarine enclosure, the air temperature (23®C) was higher than the water while the 
surface and bottom water temperature were the same (16.4°C). The relative humidity 
was low (39%). The northeastern wind speed was 2.2 m/s and the solar intensity 
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ranged from 345-490 w/m^. For the freshwater pond, the water temperature was not 
recorded but the air temperature was 26。C. The relative humidity was 29%. The 
wind direction was northeastern but the speed was not recorded. 
5.3.3 Chemical analyses 
The recoveries of glyphosate measured in different matrices and the respective 
detection limits are shown in Table 5.4. The recoveries and detection limits of 
A M P A in the waters were assumed to be the same as glyphosate. Correction of 
recovery was made for all subsequent calculations. 
Table 5.4 Recoveries of glyphosate in spiked matrices and the respective detection 
limits. 
Sites and matrices Recoveries (%) Detection limits 
Estuarine enclosure 
Water 57.7 土 1.41 17.3 jig AE/L 
Sediment 10.1 士 1.48 1.65 }ig AE/g 
Freshwater pond 
Water 87.1 士 2.90 11.5 jig AE/L 
Sediment 15.1 士 1.56 1.11 fig AE/g 
Note: values are reported as mean 土 SD (n=2). 
The estuarine enclosure experiment was divided into three collection zones (i.e. 
Zones A, B & P). Glyphosate was immediately detected in water and sediments at 
Zones A and B after the application (i.e. within 30 min) while glyphosate was 
detected in water in Zone P at 1 and 3 DPT but at 0 DPT for sediment (Fig. 5.5). 
This indicated that glyphosate residue was transported by wind-driven current to 
Zone P which received no herbicide application. The maximum concentration of 
glyphosate in the water was detected at 1 DPT from Points A3 (1,761 |Lig AE/L) and 
PI (2,191 Hg AE/L), and at 3 DPT from Point P2 in the sediment (22.1 )ig AE/g). 
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Fig. 5.5 Glyphosate and A M P A (water only) in estuarine enclosure experiment. 
Error bar = SE. 
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Overall, glyphosate residues in the surface water decreased to very low 
concentrations (from < 17.3 to 69.3 |ag AE/L) after 3 DPT in the estuarine enclosure. 
In the sediment, the glyphosate residues increased from 0 DPT to 3 and 7 DPT but 
generally decreased afterwards. The patterns of glyphosate for both waters and 
sediments were similar; this indicated that glyphosate was first adsorbed onto 
sediment but quickly degraded into A M P A and other intermediates. However 
A M P A was not quantified in the sediments in this experiment. For A M P A , it was 
first detected at Zones A & P at 1 DPT and the overall concentration was consistently 
lower (< 90 ixg AE/L) than that of glyphosate in the surface water and in most cases 
it was undetectable; the fraction of A M P A as glyphosate was 5.7 - 6.0% at 1 DPT to 
> 100% at 6 DPT, because glyphosate concentration in the water decreased 
drastically to similar levels as A M P A after 1 DPT. Glyphosate and A M P A remained 
detectable (from 10 to 42 jig AE/L) at 28 DPT in all treated zones，but were not 
detected in sediment samples, which suggests that glyphosate was still released from 
the treated vegetation to the surface water, with considerably lower amount of 
chemicals than the early days after application. 
In the freshwater pond, the maximum concentration of glyphosate occurred 
immediately after the application (i.e. 0 DPT), with a mean concentration of 125 jug 
AE/L and the highest detected concentration of 216 \xg AE/L at Point 4 (Fig. 5.6). 
These values were generally lower than those measured from the water samples from 
estuarine enclosure. Afterward, glyphosate decreased at concentration below 34.4 
l^ g AE/L from 1 to 31 DPT (Fig. 5.6). However, glyphosate in the sediment was 
consistently detectable at Point 3 after the application until the end of the experiment 
(i.e. 31 DPT). This suggested that glyphosate residues were first transported by the 
predominant northeastern wind from other sprayed points to the end of the pond (i.e. 
102 






0 > -C C 40 -Q. •— 
‘ ^  
0 - O O O 〇 O O ‘ Q 
1 1 1 1 1 I I 
-5 0 5 10 15 20 25 30 35 
30 -1 —  
1 ？ 20- II II /K 
s i 10- / \ J \ 
0 _ cxx^o o o — O 
1 1 1 1— I I 1 
60 -1 — 
• Treatment 
Point 3 only 
c • Control 
.9o5 丁 
4 0 - T 
• b L U c < i i i 
u \ 
il 20- \ 
1 1 1 1 1 I I 
-5 0 5 10 15 20 25 30 35 
Day post treatment 
Fig. 5.6 Glyphosate and A M P A (water only) in freshwater pond. In the graph of 
sediment, “point 3 only" was also included to allow comparison between the 
concentration of this point and the averaged values (i.e. “treatment”). Error bar = SE. 
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Point 3) and associated with the sediment there after 0 DPT. Overall, glyphosate 
concentration in the sediments (averaged values) was relatively constant from 1 DPT 
to 31 DPT, implying that glyphosate may not be degraded readily, which was 
different from estuarine enclosure as described above. Only trace amounts of A M P A 
were detected in the surface water of the pond (Fig. 5.5), except that A M P A 
concentration was 1.16 times of glyphosate at 7 DPT, which was similar to the 
results of the estuarine enclosure at 6 DPT. Glyphosate and A M P A were not 
detected in the surface water at 31 DPT, suggesting either a complete degradation of 
the chemicals and/or complete adsorption to the sediment at Point 3. 
5.3.4 In-situ toxicity tests 
On both sites, in-situ toxicity tests were carried out with two different fish 
species. The results showed that Roundup® had no acute effect on the survival of 
grey mullet after 24 h of application in the estuarine enclosure (Fig. 5.7) while the 
survival of mud carp was also not greatly affected by Roundup® in freshwater pond 
(Fig. 5.8) after 24 h. In addition, the survival of mud carp was followed over a 
month and the survival only slightly decreased with time, but the effect was not 
statistically significant as compared with the control (on the same day). However, 
one-way A O N V A indicated that there were significant differences of the survival of 
mud carp at different time (p < 0.05); survival of mud carp at 31 DPT was 
statistically lower than those at other time after application (by Tukey's test). 
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Fig. 5.7 Survival of grey mullet following the application of Roundup® in estuarine 
enclosure experiment. Error bar denotes the standard deviation. Differences 
between treated and control were not statistically significant (p > 0.05), according to 
non-parametric Mann-Whitney test. 
100 - OQb：：：；^!!^^^^^^^^^^^^ V 
I ~ O 
8 0 - 丄 







0 1 1 1 1 1 1  
0 5 10 15 20 25 30 35 
Day post treatment 
Fig. 5.8 Survival of mud carp following the application of Roundup® in freshwater 
pond experiment. Error bars denote the standard deviation. 
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5.4 DISCUSSION 
5.4.1 Site-specific factor affecting the environmental fate of glyphosate 
o � 
Many previous studies were conducted with aerial application of Roundup or 
other glyphosate-based formulations onto aquatic ecosystems (Goldsborough and 
Beck, 1989; Goldsborough and Brown, 1993; Newton et aL, 1994; Paveglio et al., 
1996). The data from these studies cannot be applied directly to the situations in Mai 
Po where hand-held application is used. Vegetation types and sizes can be 
determining factors in intercepting herbicide residues, thus influencing the 
environmental fate in water and sediment. The concentration of glyphosate in nearby 
water should be higher than that by aerial application (Gardner and Gme, 1996), 
because the herbicide is intentionally sprayed to wet the plants and subsequently 
dripped off to the water, rather than spraying over the whole area. The pattern of 
glyphosate dissipation in natural water and sediment is likely to be site-specific, 
because of the presence of chemical, physical and biological variables 
(Goldsborough and Beck, 1989). 
The present study concerned two aquatic situations in Mai Po Marshes, which 
are very typical scenario in the reserve area. Generally, the maximum concentrations 
of glyphosate in the water and sediment samples obtained in the present study were 
higher than those previously reported. Therefore, these site-specific characteristics 
can greatly affect the results of environmental fate studies. 
5.4.2 Glyphosate in water and sediment 
For the water samples, the results indicated a rapid decrease of glyphosate 
residues in the estuarine enclosure and the freshwater pond following applications 
(Figs. 5.5 and 5.6). The residues in water were probably removed by three 
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mechanisms which might operate simultaneously. Firstly, glyphosate was 
transported by the water current driven by the predominant northeastern wind in the 
two experimental ponds and therefore glyphosate was detected at lower 
concentration at the sprayed areas than some other locations (e.g. Zone P in the 
estuarine enclosure). Secondly, glyphosate was rapidly degraded into A M P A and 
other intermediates. Thirdly, glyphosate was immediately associated with the 
bottom sediments after application. 
In this experiment, the two aquatic ponds had considerable geographical, 
physicochemical and biological differences and could make comparison between 
these two ponds extremely difficult. Nevertheless, glyphosate was found to be 
readily degraded in the estuarine enclosure but not in the freshwater pond. The 
greater availability of chelating cations (Cu and Fe) in the water and sediment (Table 
5.3) may be responsible for the longer persistence of glyphosate in the freshwater 
pond. The degradation of glyphosate was found to be related to the water chemistry, 
and higher Ca and M g (or other cations) concentrations could result in longer half-
life of glyphosate in the water (Goldsborough and Beck, 1989). One possible reason 
is that glyphosate may form insoluble complexes with these cations (Subramanian 
and Hoggard, 1988) and thus render glyphosate unavailable for microbial 
degradation. 
The difference in microbial activities of the two ponds may also be responsible 
for the different half-lives of glyphosate because glyphosate is mainly degraded by 
microorganisms, rather than through chemical- or photo-decomposition (Carlisle and 
Trevors, 1988; Zaranyika and Nyandoro, 1993; Cheah et al., 1998). However, when 
glyphosate is tightly bound to sediment (e.g. through chelating metal ligands of the 
sediments of the freshwater pond), the rate of microbial degradation of glyphosate is 
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substantially lower (Nomura and Hilton, 1977; Zaranyika and Nyandoro，1993) 
because glyphosate bound to sediment particles are less available for microbial 
degradation compared with free glyphosate in the water-column. 
Glyphosate could dissipate quickly from the surface waters and becomes 
associated with the bottom sediment (Goldsborough and Brown, 1993). Apart from 
a linear rate of degradation of glyphosate, biphasic pattern of glyphosate degradation 
were reported (Nomura and Hilton, 1977; Goldsborough and Brown, 1993; 
Zaranyika and Nyandoro, 1993)，in which glyphosate was first degraded at a faster 
rate followed by a slower reaction. Such biphasic pattern was also demonstrated in a 
shake-flask degradation experiment on glyphosate by Cheah et al (1998), in which 
an initial rapid phase of degradation was followed by a slower rate starting from 30 d. 
Microbial action on the free glyphosate was attributed to the rapid phase while 
microbial "attack" on the adsorbed glyphosate was accounted for the slower phase. 
Since Roundup® was intentionally sprayed on emergent macrophytes in this 
study, the immediate (0 to 3 DPT) glyphosate concentrations in the water were 
generally higher than other previous environmental studies. Following Rodeo® 
application by hand-held sprayer, the immediate glyphosate concentration in the 
water ranged from 20 to 60 jig/L in a freshwater wetland (Gardner and Grue, 1996). 
The immediate glyphosate concentrations in four freshwater ponds treated at a rate of 
0.89 kg/ha ranged from 25 to 105 i^g/L (Goldsborough and Beck, 1989). Similar 
results were obtained from another study with maximum immediate concentration of 
120 |ag/L (Goldsborough and Brown, 1993). In a large-scale study, Paveglio et al 
(1996) reported 3.15 to 25.6 |ig/L of glyphosate in seawater immediately after aerial 
application of Rodeo® to an estuarine mudflat. However, 515 |ag/L of glyphsoate 
108 
was detected at offsite seawater immediately after application because glyphosate 
was washed off from the treated plant surfaces by rainfall and/or tidal inundation. 
5.4.3 Homogeneity of glyphosate in surface water and sediment 
The results of this study revealed that glyphosate was released from the sprayed 
vegetation in a "pulse-form" to the surface water, because glyphosate (and 
sometimes A M P A) were detected at relatively high concentration at some time-point 
combinations, but undetectable at others. This suggests that glyphosate (and A M P A) 
were not distributed evenly and continuously in the surface waters and sediments. 
Therefore, the data in this study could not be compared directly to other previous 
studies using aerial applications. 
Moreover, from the data it could be found that glyphosate was still released 
from the sprayed vegetation in estuarine enclosure at 28 DPT, indicating that the 
vegetation could hold and exude glyphosate after a certain period of time. For 
example, after application of Rodeo® to estuarine mudflat plot of Spartina the 
glyphosate concentration in sediment increased significantly, it was due to the fact 
that Spartina rhizomes did not metabolize but exude glyphosate (Kilbride and 
Paveglio, 2001). 
5.4.4 Effect of weather conditions on environmental fate of glyphosate 
The present study was conducted in winter under low temperature, rainfall and 
humidity. These environmental factors may contribute to the longer "retention" of 
glyphosate on plant leaves and eventually water and sediments in the Mai Po 
Marshes because weather can affect adsorption and degradation of glyphosate on 
leaves. 
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Humidity was found to be related to the microbial and metabolic degradation of 
glyphosate (Newton et al., 1994). Temperature was also found to increase A M P A 
concentration in soil because A M P A formed complex with soil matrix during winter 
(Newton et aL, 1994). Moreover, Eberbah (1999) demonstrated that triethylamine-
extractable glyphosate from soils increased as temperature decreased (25 to 10°C) 
since cometabolism of glyphosate decreased and desoprtion of glyphosate from soils 
increased at lower temperature. 
5.4.5 Biological impact of Roundup® 
The in-situ bioassays indicated that the normal use of Roundup® herbicide in 
this aquatic environment should not pose great hazard to the aquatic biota, given that 
no re-application is done in a short period of time. The fish species used in both 
assays are native to the areas and are edible species with high economic values. 
Therefore, their uses as bioassay organism are both economically and ecologically 
relevant. Gardner and Grue (1996) used activity traps and sediment cores to assess 
the effect of Rodeo® herbicide on the water-column and benthic organisms, 
respectively. They found that the number of branchiopods at the control sites 
increased significantly, but this did not occur in Rodeo®-treated wetland. This 
suggested that the Rodeo® might depress the branchiopod population. However, 
they did not find significant effect on the number of organisms collected from 
sediment cores. Gardner and Grue (1996) also conducted in-situ toxicity tests to 
assess the effect of Rodeo on Daphnia, rainbow trout and duckweed. Only 
duckweed {Lemna gibba) significantly inhibited by the herbicide as spray, rather 
than glyphosate dissolving in water (Lockhart et al., 1989). 
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Large-scale studies on the biological impact of glyphosate are very limited 
(Simenstad et al., 1996). Rodeo® and X-77 spreader were sprayed over an estuarine 
intertidal mudflat in Willapa Bay, Washington, USA; four groups of community 
were collected after treatment which included sediment microalgae, benthic 
meiofauna, benthic macroinfauna and epibenthic organisms (Simenstad et al, 1996). 
Due to the inherent natural variability, the study could not detect significant 
ecological responses due to the use of herbicides. Indirect/secondary ecological 
effect was suggested for further study. For example, in the same experiment 
significant decreases of cover, shoot density, and above- & below-ground biomass of 
the introduced eelgrass (Zostera japonica) were found (Fresh et al,, unpublished data 
cited in Simenstad et al., 1996), but as the eelgrass was associated with some 
copepods, secondary effect may be expected. Longer time was needed for further 
experiment. 
For the pulse-form of glyphosate in the surface water, the effect of 2 h of pulse 
exposure (PE) of technical grade glyphosate on the mortality of flagfish {Jordanella 
floridae) was studied by Holdway and Dixon (1988). The 96-h PE LC20 was 
calculated to be 2.94 and 29.6 mg/L for unfed and fed 8-d olds flagfish, respectively. 
However, the different formulations (Roundup® in the present study) and fish species 
used between studies make it difficult to extrapolate whether pulse-exposure of 
Roundup® is applicable to the present in-situ study in Mai Po. Nevertheless, the 
values (i.e. 96-h PE LC20) were close to glyphosate concentrations in some water 
samples, except that the duration of exposure may be much shorter than that in the 
laboratory. 
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5.5 CONCLUSIONS 
Glyphosate was shown to be an effective (i.e. wilting of plants was observed 
after a few days) and safe herbicide to control various kinds of aquatic weeds in the 
Mai Po Marshes which is an internationally important wetland. The control of weeds 
can allow the development of higher productivity and biodiversity of the ecosystems. 
Lok (1995) found that glyphosate (as Rodeo®) was effective in controlling the 
growth oiPhragmites sp. in the estuarine enclosure. 
However, weather (especially wind speed and direction), physicochemical 
properties of waters & sediments and morphological characteristics of the aquatic 
ponds should be taken into account when applying the herbicide. In addition, future 
studies are recommended for assessing the indirect and sublethal effects of this 
effective weed killer on this sensitive ecosyetsms due to the relatively high 
concentrations of glyphosate (and possibly POEA) determined in the water and 
sediment samples in the present study。 
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CHAPTER 6 General Conclusions 
The present study provides new information regarding the sensitivities of 
different organisms to glyphosate and the influences of various environmental factors, 
sediment toxicity and the interaction between heavy metals and glyphosate. These 
can supplement data of existing literature. 
For the different types of aquatic organisms, their sensitivities toward 
glyphosate are contrasting, with photosynthetic algae and marcophytes being 1 to 2 
orders of magnitude more susceptible than bacteria, protozoa, invertebrates, fishes 
and amphibians. This is due to the common metabolic pathways of both aquatic 
flora and terrestrial green plants, in which they are subject to the herbicidal effect of 
glyphosate. However, formulations such as Roundup® generally exhibited higher 
toxicity than glyphosate to a variety of organisms, which is mainly due to the 
presence of a surfactant in the formulation. Generally, surfactant in Roundup® (i.e. 
POEA) showed similar toxicity towards different types of organisms (i.e. bacteria, 
protozoa, algae, invertebrates, fishes and amphibians), with LC/EC50s ranging from 
0.57 to 13.0 mg/L (see also details by Giesy et al., 2000). In this study, two marine 
organisms have been found to be highly sensitive to glyphosate and POEA. Diatom 
Skeletouemna costatum was the most sensitive algae to the toxicity of glyphosate 
which was generally more sensitive than green algae (e.g. Selenastrum 
capricormitum and Chlorella pyrenoidosa). The marine copepod，Acartia tonsa, 
which was first tested for the toxicities of Roundup® and POEA, showed the highest 
sensitivity to P O E A with 48-LC50s of 570 |ag/L. Naupliars of A. tonsa were much 
more sensitive than their adults to the pesticide cypemethrin (Medina et al., 2002). A. 
tonsa showed EC50 values of sublethal effect such as inhibition of larval 
113 
development rate towards LAS and TBT 10 times lower than those of acute toxicity 
tests (Kusk and Petersen, 1997). Therefore, further toxicity tests of surfactant 
products are recommended using this highly sensitive marine copepod and 
employing different endpoints. 
In most cases, data of toxicity tests on glyphosate and its formulations are 
derived from freshwater organisms, especially fishes. However, estuarine 
environments (e.g. Willapa Bay and Mai Po) are also recipients to glyphosate-based 
herbicides. Toxicity data therefore should also include marine organisms. The 
present study provides toxicity data for marine microorganisms and invertebrates and 
indicates that their relative sensitivities to Roundup® were similar to their freshwater 
counterparts. Nevertheless, cations such as sodium and potassium are present in high 
concentration in seawater and therefore may reduce the bioavailability of glyphosate 
due to complex formation between glyphosate and the ions. 
In the field, environmental conditions are changing continuously, in terms of 
physical, chemical and biological parameters. Such changes in physicochemical 
properties of water can lead to the alteration of chemical speciation and biological 
sensitivity towards chemicals. This study selected four common environmental 
variables including temperature, pH, suspended sediment (clay) and algal food. 
Increase of pH and concentration of suspended sediment enhanced the toxicity of 
Roundup® to Ceriodaphnia dubia, possibly due to the increase of lipophilicity by the 
surfactant and increase of uptake of sediment-bound Roundup® by C. dubia, 
respectively. However, change of temperature did not affect Roundup® toxicity, 
which contradicted with previous studies of Folmar et al (1979). The addition of 
algal food did not increase Roundup® toxicity, suggesting that the surfactant did not 
bind and concentrate on the algal surfaces. This experiment employed a single 
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species (i.e. C dubia) and should reasonably compare the effects of different 
environmental variables. Overall, environmental factors can greatly influence the 
toxicity of this toxic herbicide, but it is not known whether chronic toxicity (i.e. at 
low concentration) is also affected by these factors. 
This study also provides basic sediment toxicity data for two commonly used 
formulations - Roundup® Biactive and Roundup® which are very scarce in the past 
literature. The 48-h LC50s ranged from 190 to 746 m g AE/kg for both herbicides at 
sediment organic carbon from 0 to 2.13%. These toxicity values are several orders 
of magnitude higher than those for insecticides such as chlorpyrifos (about 1000 
times more toxic), indicating the relatively non-toxic nature of glyphosate-based 
herbicides when present in sediment. But these two formulations are 10 to 100 times 
more toxic than Rodeo® herbicide (IPA salt of glyphosate) tested with estuarine 
organisms (Kubena, 1998), which was attributed to the presence of different types of 
surfactants. Porewater analysis demonstrated that porewater-sediment partitioning of 
glyphosate was influenced by sediment organic carbon, with increase in glyphosate 
adsorption with sediment organic carbon. Toxicity data indicated that the toxicity 
and possibly the adsorption to sediment of surfactant in Roundup®, rather than that in 
Roundup® Biactive, was subject to the influence of sediment organic carbon. These 
results revealed that, apart from intrinsic toxicity, the properties of surfactant (e.g. 
partition coefficient) should also be considered for the risk assessment of the 
commercial products containing surfactants. Also, benthic organism Hyallea azteca 
showed higher sensitivity towards Roundup® and glyphosate than Ceriodaphnia 
dubia, which implied that the feeding habit and behaviour may affect the sensitivities 
of organisms to these chemicals. 
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In the environment, mixtures of anthropogenic pollutants actually exist together, 
so the toxicity of the mixtures to aquatic organisms is of concern of ecotoxicologists. 
The joint toxicity of Roundup® and several common pollutants in water was 
examined using a toxic unit approach, which is relatively easy and simple to use. 
Generally, “less than additive" toxicity was exhibited by the mixtures, indicating the 
reduction of toxicity of heavy metals/cations by glyphosate and the inability of 
surfactant in enhancing their toxicity. Later, glyphosate was added at expected 
environmental concentration (EEC) alone and studied for the effect on heavy metal 
toxicities. Except for Hg and Se, the toxicities of other heavy metals tested were 
significantly reduced when compared with metal-only treatments. The mechanism 
was probably through complexation of free metal ions by glyphosate in the water, 
therefore rendering the metals not bioavailable to aquatic organisms. This was based 
on the idea of the free ion activity model (FIAM) that metal toxicity is a function of 
concentrations of free metal ions, rather than the total metal concentration (Morel, 
1983). However, recent research produced results contradicting the FIAM. Whether 
glyphosate-metal complexes are bioavailable remain unanswered, but limited 
bioaccumulation studies on glyphosate (Wang et al., 1994) suggested that such 
bioavailability should be minimal. From the study by Sundaram and Sundaram 
(1997), the stability and/or solubility values of the metal-glyphosate compelxes 
determined the potential of glyphosate to "remove" free ions of metals. 
Apart from laboratory toxicity tests, a field experiment was carried out in the 
Mai Po Marshes Nature Reserve (Hong Kong) in which Roundup® was applied to 
control aquatic weeds in an estuarine enclosure and a freshwater pond; the 
environmental concentrations of glyphosate and its metabolite (AMPA) in water and 
sediment and their nontarget impacts were determined. Results indicated that 
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glyphosate dissipated quickly from the water column and some of the residues 
became associated with the bottom sediment at the location of herbicide spraying. 
However, wind-driven current seemed to transport the water-borne herbicides to 
untreated zones; this process may dominate the distribution process of this water-
soluble herbicide in the wetlands. Nevertheless, the environmental concentrations of 
glyphosate in water and sediment were generally below the known lethal 
concentrations to aquatic organisms, but this did not preclude the presence of high 
concentration of the toxic surfactant — P O E A in the environmental samples. 
Nevertheless, the high sorption ability of P O E A has been demonstrated in sediment 
toxicity experiment of this study and therefore the concentration of P O E A should not 
be very high in water. In-situ bioassays indicated that, under normal application rate, 
Roundup® should not pose acute toxicity to the organisms nearby (e.g. fish). 
Overall, the present study has fulfilled three aspects: 1) continuation of past 
studies and filling the data gap, 2) provision of new insight of the environmental role 
of glyphosate and 3) confirmation of the safety of Roundup® used the in Mai Po 
Marshes. However, the present study did not investigate the chronic toxicity of 
glyphosate-based herbicides which are more important information for the 
water/sediment quality criteria than acute toxicity data alone. Also, the degree of 
formation and the bioavailability of glyphosate-metal complexes were not quantified, 
which are important information for risk managers to conduct assessment of trace 
metals in surface water. In the Mai Po Marshes, the ecological impact of Roundup® 
was not assessed and these data are as useful as the environmental fate of glyphosate 
and in-situ acute bioassays to setting strategies for better managing the wetland. 
Generally, acute toxicities of glyphosate and its formulations should not be 
expected in the water under normal usage. However, data of sediment toxicity, 
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chronic toxicity/sublethal effects as well as bioaccumulation are very limited, and 
these chemicals may be harmful to the ecosystems due to its unlimited input, e.g. in 
agricultural areas. Apart from single chemical toxicity, glyphosate has a very unique 
property to chelate heavy metals, thus playing an important role in influencing the 
environmental behaviour and toxicity of heavy metals, which are never addressed in 
the current literature. Therefore, further research on these issues is recommended. 
Moreover, since Mai Po Marshes is an internationally important wetland for 
waterfowl and a variety of endangered species, the risk of Roundup® to this sensitive 
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